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I. INTRODUCTION

Developing Advanced Combustion and Emission Control Technologies

On behalf of the Department of Energy’s Office of Transportation Technologies
(OTT), we are pleased to introduce the Fiscal Year (FY) 2001 Annual Progress
Report for the Advanced Combustion and Emission Control Research and
Development (R&D) Program. The Program is focused primarily on the
compression ignition, direct injection (CIDI) engine, an advanced version of the
commonly known diesel engine, which is used in both light- and heavy-duty
vehicles. Both the Office of Advanced Automotive Technologies (OAAT) and the
Office of Heavy Vehicle Technologies (OHVT) conduct CIDI engine R&D and have
coordinated their research planning and evaluation processes to minimize overlap
and maximize the use of available R&D funding. This year’s accomplishment report
represents the output of this combined effort.

Gurpreet Singh,

This introduction serves to outline the nature, current progress, and future Program Manager

directions of the Combustion and Emission Control R&D Program for advanced

CIDI engines. Together with DOE National Laboratories and in partnership with private industry and
universities across the United States, OTT engages in high risk research and
development that provides enabling technology for fuel efficient and
environmentally-friendly light- and heavy-duty vehicles. The work conducted under
this Program relies on the DOE Advanced Petroleum-Based Fuels (APBF) Program
to provide on-going reformulated diesel fuel developments, to enable meeting our
out-year objectives. (The APBF Program is described in a separate report.)

Combustion and Emission Control R&D activities are sharply focused on
improving emission control technologies to maintain the high fuel efficiency of CIDI
engines while meeting future emission standards. Up until implementation of the
EPA Tier 2 regulations and the recently promulgated heavy-duty engine emission
¢ standards for 2007, CIDI engines could meet emissions regulations through

Kenneth Howden, enhanced combustion alone. The consensus now is that CIDI engines for both light-
Program Manager and heavy-duty vehicles will need exhaust emission control devices in order to meet
both the NO, and PM emissions regulations. This situation is analogous to the early

1970s, when gasoline vehicles transitioned to catalytic emission control devices. Both NO, and PM emission

control devices will have to achieve conversion efficiencies of 80 to 95 percent to
meet the emission standards for both light-duty vehicles and heavy-duty engines.

In his second week in office, President Bush established the National Energy
Policy Development (NEPD) Group. The NEPD Group released the National
Energy Policy (NEP) report in May 2001 which includes key recommendations for a
National Energy Policy. The NEP took a critical look at our current energy supplies
and demands, and made several recommendations for moving forward to correct
imbalances. One of the major imbalances is supply and demand for petroleum fuels.

Our highway transportation system is entirely dependent on petroleum fuels (with
the exception of about 3 percent oxygenates added to gasoline). While vehicles
today are more efficient than 25 years ago, the average fuel economy of new vehicles
has not changed over the past 10 years, in part due to the growth of low fuel
economy light trucks (pickups, vans, and sport utility vehicles). The NEP
recommended that consideration be given to increasing the fuel economy of new

Kevin Stork,
Program Manager
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vehicles without negatively impacting the U.S. automotive industry.
Combustion and Emission Control R&D activities go to the heart of

increasing the fuel economy of light trucks and cars in the U.S., in a National
cooperative manner with the U.S. automotive industry to assure that Energy
the necessary technology is ready and available for them to Policy

implement.

Since its inception, the Combustion and Emission Control R&D
Program for advanced CIDI engines has supported the government/
industry Partnership for a New Generation of Vehicles (PNGV)
through its technology research projects. The partnership goals are
being re-evaluated to identify changes that will maximize the potential Hepert of the

. . . R M abbenal K nergy etk Develogimeni O reup
national petroleum-savings benefit of the emerging technologies.
When these goal changes have been defined, OTT will adjust the
focus of its technology research programs accordingly. Today’s CIDI
engines achieve impressive thermal efficiency; however, in order to The National Energy Policy Report
meet future emissions standards, advancements in clean combustion, is available from
emission control technology and diesel fuels are necessary. The DOE/ www.whitehouse.gov/energy
OHVT Light Truck goal is to increase the fuel efficiency of light
trucks by 35 percent by 2004, while meeting emission standards that apply to both cars and light trucks.
Because the emission challenges facing CIDI engines are very similar for both light- and heavy-duty vehicle
applications, OAAT and OHVT have co-funded many of the projects whose reports are contained herein.

ey 2w

The Advanced Combustion and Emission Control R&D Program explores the fundamentals of
combustion, how emissions are formed, and advanced methods for reducing those emissions to acceptable
levels. Testing and modeling are also important elements of the program and enable us to evaluate potential
technology and validate technology selection and direction. By working at the forefront of these new
technologies in cost-sharing arrangements with industry, we hope to enhance the knowledge base that can be
used by automotive partners and suppliers (engine manufacturers, catalyst companies, etc.) to develop highly
efficient CIDI engines with emissions that meet future standards.

Challenges

OTT programs have been successful in meeting many of the original milestones established by PNGV.
The PNGYV emissions goals established were 0.2 grams per mile for NO, and a "stretch" target of 0.01 grams
per mile for PM. Subsequent to this, EPA finalized the Tier 2 emission regulations which lowered the average
NO, emissions that would be allowed from light-duty vehicles. In a separate action, EPA proposed to
significantly lower the sulfur content of on-road diesel fuel. In light of these developments, the DOE R&D
emission goals were re-evaluated to reduce emissions beyond the minimum required by EPA regulation. The
DOE 2007 R&D emission goals target even lower emissions, while simultaneously improving engine
efficiency and reducing emission control costs. Meeting the Tier 2 standards requires NO, and PM emissions
to be reduced by about 90 percent. In 2001, EPA finalized emissions regulations for heavy-duty CIDI engines
to 0.2 grams per bhp-hour for NO, and 0.01 grams per bhp-hour for PM, reductions of 90 percent from the
previous standards. These new regulations will be phased in over the 2007-2009 model years. In a
complementary action, EPA finalized regulations to reduce the sulfur in on-road diesel fuel to 15 ppm or less,
by June 2006. Reducing the sulfur in on-road diesel fuel enables the application of NO, and PM emission
control devices which would not be viable otherwise. While this action makes emission control devices
feasible, much work remains to make them affordable, reliable, and durable, with acceptable energy
consumption. Meeting the DOE goals will facilitate the design of high fuel economy vehicles using CIDI
engines to penetrate the market with resultant petroleum fuel reduction and emissions benefits.
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Originally, it was believed that lean-NO, catalysts would have sufficient effectiveness to meet the NO,
goal, and oxidation catalysts would meet the PM goal. However, it has now become evident that the
capabilities of lean-NO, and oxidation catalysts are too limited to reach the new goals. Three different NO_
emission control technologies are currently being developed in parallel: adsorber catalysts, non-thermal
plasma catalysts, and selective catalytic reduction (SCR) devices. None of them currently have sufficient
conversion efficiency and lifetime durability to be viable for transportation vehicles. To meet the PM goals, it

is almost certain that catalyzed and continuously
regenerating diesel particulate filters (DPFs) will be
needed instead of just oxidation catalysts. While
such devices look promising, several hurdles
remain to be overcome, including durability,
effective operation during transients and at low
exhaust temperatures, recovery from periodic
exposure to high-sulfur fuels, minimization of the
fuel economy penalty caused by regeneration
energy requirements and increase in engine back
pressure, development of viable sulfur traps,
development of affordable reductant storage,
distribution, and dispensing infrastructure, and
effective desulfurization schemes that will keep
emission control devices operating near their peak
effectiveness.

Durango Test Vehicle with Prototype DDC V6 CIDI Engine -
Platform for SCR/DPF Emission Control System Development
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Accomplishments

In FY 2001, significant progress was made on emission control subsystems that would allow CIDI-engine-
powered passenger cars and light-duty trucks to meet Tier 2 emission standards. Catalyst technology continues
to evolve, allowing higher NO, reduction rates over wider exhaust temperature ranges. New control strategies
and sensor technologies are leading to more precise distribution and transient control of exhaust gas
recirculation (EGR) to reduce NO, emissions. More detailed characterization of combustion processes is
further reducing engine-out emissions and forming the foundation for the development of advanced
combustion technologies such as homogeneous charge compression ignition. Regenerative particulate matter
(PM) filtration devices are in advanced development, with several fleet tests in progress. The accompanying
table shows current progress relative to the Program 2004 and 2007 Technical Targets for light-duty vehicles.
While good progress is being made on NO, and PM devices that can achieve the technical targets, NO, devices
using 15 ppm sulfur fuel need better durability. Actions will be taken during the coming year to assess the
magnitude of the durability hurdle and identify approaches to extending emission control device life.

Current Status and Technical Targets for CIDI Engine Technology Development”

Characteristics Units Calendar year

2001 Status 2004 2007
Emission control cost® $/kW TBD 4 3
Exhaust emission control device L/L¢ 4 2 1.5
volume
NO, emissions (g/mile) 0.15 0.07 0.03
PM emissions (g/mile) 0.015 0.01 0.01
Durability hrs <500 50007 50007
Fuel economy penalty due to (%) 10-15 <8 <5

emission control devices®

“Targets are for a PNGV-type passenger car using advanced petroleum-based fuels with 15 ppm sulfur content; all targets must be
achieved simultaneously

*High-volume production: 500,000 units per year (a study on emission control device costs will be completed by September 30, 2002)
“Liter per liter of engine displacement

“Representative of full-useful-life durability for light-duty vehicles.

“Energy used in the form of reductants derived from the fuel, electricity for heating and operation of the devices, and any other energy
demand of the devices including factors that reduce engine efficiency, such as increased exhaust back-pressure.

DDC Demonstrates Significant NO_and PM Emissions Reductions Using SCR and a Catalytic
Soot Filter

Detroit Diesel Corporation (DDC) has completed the first year of a 36-month program to develop CIDI
engine emission control technologies that meet future emission regulations. Their work to date has resulted in
substantial reductions in engine-out emissions (CLEAN Combustion' ) which paves the way for
implementation of exhaust emission control devices. For controlling NO,, DDC has chosen to use selective
catalytic reduction (SCR) with urea as a reductant. For controlling PM, they have chosen to use a catalytic
soot filter. This combination of reduced engine-out emissions and emission control devices has demonstrated
49% reduction in NO, and 69% reduction in PM from a light-duty passenger car test vehicle (Dodge Neon)
with a prototype CIDI engine. At critical steady-state test points, reductions of 94% NO_ and 80% PM have
been observed. DDC plans to enhance its simulation models and optimize the engine and emission control
system to obtain further reductions in emissions during the coming year. Important additional information that
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will be generated in the coming year are estimates of emission control device durability and the effect these
devices will have on fuel economy.

Cummins Demonstrates Significant NO, and PM Emissions Reductions Using an NO, Adsorber
and Microwave-Heated Catalytic Soot Filter

(Arco ECD Fuel, Premium Blue Engine Oil)

Cummins is conducting a similar program as DDC,
though using different approaches to NO, and PM control.
They have completed a vehicle/engine/emission control
system performance model that was used to select a NO,
adsorber for part of their subsystem development. They are
working with Engelhard to specify and develop a suitable NO,
adsorber for this application. The Cummins model predicts
that the NO, adsorber will have to achieve an average
effectiveness of 87 percent or better to meet the 2004 R&D
objective for NO,. To date, they have achieved 84% reduction
of NO, and 95% reduction of PM over a simulated FTP
driving cycle. Work is proceeding on a hydrocarbon reductant 3

system to regenerate the NO, catalyst. A by-pass regeneration Engine Speed (rpm)
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strategy is being explored which should reduce the fuel economy penalty due to the reductant used to be under
5 percent. They have also found that with 15 ppm sulfur fuel and a standard diesel engine lubricating oil, up to
50% of the sulfur in the exhaust comes from consumed lubricating oil. In the coming year, Cummins will
design and test a sulfur trap with a target life of 20,000 miles, identify the optimum reductant that can be
derived from diesel fuel, develop a reductant injection system, and further optimize the emission control
system to lower emissions with minimum use of reductant.

Oak Ridge National Laboratory Demonstrates that a Small CIDI Vehicle can Meet Tier 2 Bin 5
Emissions though Durability is a Long Way from Being Acceptable

Oak Ridge National Laboratory demonstrated, in a laboratory experiment, that the combination of a NO,
adsorber and a catalyzed diesel particulate filter can achieve simultaneous reductions of NO, and PM
emissions from a CIDI vehicle of over 90% compared with engine-out results over the FTP, US06, and
highway fuel economy test cycles. The vehicle used was a 1999 Mercedes A170 model with a CIDI engine
using ultra-low sulfur fuel (3 ppm), with prototype NO, adsorber and diesel particle filter emission control
devices. In addition to reductions of PM and NO, emissions, carbon monoxide and unburned hydrocarbon
emissions were lower than the engine-out baseline. The resulting grams per mile emissions levels from these
new (degreened) catalysts are consistent with levels established by EPA in the Tier 2 emissions standards,
though the Tier 2 levels require this certification at over 120,000 - 150,000 miles of vehicle operation. In
addition, these results were achieved using bottled gases as a reductant, which are known to be more effective
than reductants produced from the fuel onboard the vehicle. This illustrates the potential of these exhaust
emission controls to meet future emissions regulations. However, limited durability testing predicts these
devices would fail emissions compliance after only about 20,000 miles when using 15 ppm sulfur fuel.
Making this system commercially viable will require developing a means of protecting the adsorber from
sulfur (sulfur traps), development of more sulfur-resistant catalysts, development of de-sulfurization
techniques, or some combination of these approaches.
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Pacific Northwest National Laboratory Makes Non-Thermal Plasma Emission Control System

Advances
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Non-thermal plasma emission control systems
have the potential to reduce NO, and PM
simultaneously with relatively low energy
requirements. The Pacific Northwest National
Laboratory (PNNL) has been working on non-thermal
plasma emission control systems under a CRADA
whose participants include Ford Motor Company,
General Motors, and DaimlerChrysler Corporation.
PNNL is also researching non-thermal plasma systems in a
CRADA including Delphi Automotive Systems.

As part of this effort, a catalyst material was formulated and
produced that achieves >90% peak NO, reduction in a simulated
diesel exhaust stream, when used in conjunction with an non-
thermal plasma reactor. A better understanding of the chemistry
that occurs in various steps of an integrated non-thermal plasma
assisted PM and NO, reduction system was developed, and it was
discovered that the non-thermal plasma reactor and subsequent
plasma chemistry has the ability to directly oxidize a portion of
the PM in an engine exhaust stream.

PNNL invented a new conceptual plasma/catalyst system that
has a high potential of achieving the NO, reduction targets with
significantly reduced input power requirements. Another
important highlight from this year’s work is the identification of
partially oxidized hydrocarbons produced in the plasma region of
a plasma/catalyst device. From prior work, it was widely believed
that the most important role for the plasma reactor part of the
device is to oxidize NO to NO,. This year it was demonstrated
that partial hydrocarbon oxidation by the plasma is at least as
important as NO oxidation if not more so. Testing also
demonstrated a sizable reduction in PM, proportional to the input
energy of the plasma reactor. In the coming year, studies will
focus on the identification of the fate of the PM. In particular, an
important question is whether this observed PM reduction is due
to electrostatic precipitation or if, indeed, the PM is more fully
oxidized (ideally to CO,).

Industrial Ceramic Solutions Achieves 97 Percent Removal Efficiency from their Microwave-

Heated PM Filter

While PM emission control technology is somewhat more developed than NO, control technology,
regeneration of trapped particulate matter presents a problem in that most light-duty CIDI engines do not
achieve high enough exhaust temperatures to initiate regeneration except at high engine speeds and loads.
Industrial Ceramic Solutions has designed a particulate filter that is regenerated using microwaves that
eliminates this problem. It may also be a solution to the cold-start issue that is responsible for a significant
quantity of both diesel and gasoline engine emissions. The microwave filter technology is unique due to the
discovery and use of a special silicon carbide fiber that efficiently converts microwave energy to heat energy.
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These fibers can achieve temperatures of 1,200°C in 9 seconds in 5%, Pasilcia Reduciion

a standard household microwave oven. A process has been R —
developed to incorporate this phenomenon into a filter cartridge Filar Filer Qaririign
and microwave regeneration system for use in diesel engine
exhaust streams. The microwave field finite-element program

analysis improved the heating efficiency of the filter cartridge t::';:
from 10% of the filter volume in FY2000 to over 60% in FY2001,  Mameta Unk
The mechanical strength of the ceramic fiber media, at the

‘Coramis ingulstian

™ Shen| Can Acks ax
Micrawave Bpplicalo

conclusion of the three-month experimental matrix optimization g
Pt el B hmsi

program, increased from 1.0 psi to 6.0 psi. Calculations have

shown that 3.0 psi would be adequate for a typical diesel exhaust

stream. Analysis of the materials matrix data shows that further " ’

improvements to 10 psi are attainable. Stationary diesel 1.9-liter

engine test cell data of the FY 2001 microwave filter system

improvements demonstrated an average particulate filtering

efficiency of 97%, over a spectrum of normal engine operating
conditions. Preliminary road testing of the filter on the Ford

— 7.3-liter truck proved that the filter could survive the full

= loading of 1,000 cubic feet per minute of exhaust flow without

mechanical failure.

Microwave-Heated PM Filter

In FY2002, the durability of this PM filter will be tested
under controlled vehicle operation on a test track. At periodic
intervals, chassis dynamometer tests will be conducted to
measure the fuel economy impact of this PM filter due to
= = increase in engine back-pressure and the electrical energy
PP — needed for regeneration.

P Fiksr Eficiency (43

PM Filtering Efficiency at Steady-State Engine
Operation

Sandia National Laboratories Develops new CIDI Engine PM Measurement Technique Using
Laser-Induced Incandescence

While measuring PM mass can be done quite accurately over driving cycles, analytic tools to measure PM
number and identify emission rates during engine transients are not well developed and hinder the ability to
develop strategies to minimize PM formation during combustion, and to design efficient particle filters.
Sandia National Laboratories is investigating simultaneous measurements of laser-induced incandescence
(LIT) and laser elastic scattering (LES) to obtain the following PM aggregate parameters:

* particle volume fraction

¢ diameter of primary particles

* number density of primary particles

¢ geometric mean of the number of primary particles per aggregate

¢ geometric standard deviation of the number of primary particles per aggregate
* mass fractal dimension

* radius of gyration of the aggregated primary particles
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capability to follow rapid engine transients. Off-the-shelf components are readily available to build an LII-
LES measurement system. Sandia National Laboratories is providing assistance to Artium Technologies Inc.,
who is taking the lead to commercialize this technology. Use of LIl PM measurement instruments will allow
CIDI engine manu-facturers to better understand under what conditions PM is produced, and to design ways of

minimizing PM.

Sandia National Laboratories Develops CIDI Engine Swirl Modeling Tools

Introduction of flow swirl in CIDI combustion systems is an established technique for reducing engine-out
PM emissions and enabling reduced NO, emissions by permitting injection timing retardation and increasing
the combustion system EGR tolerance. In spite of their widespread use, the physics of these swirl-supported
combustion systems is still poorly understood, and their optimization consists largely of guesswork and trial-

and-error modifications. Sandia National Laboratories

has developed the sophisticated modeling tools and is —_——
providing the physical understanding required by L | wassursmant
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Argonne National Laboratory Refines Their Fuel Spray X-Ray Imaging Technology

High-pressure, high-speed sprays are an essential technology in many industrial and consumer
applications, and especially for CIDI fuel injection systems. The lack of quantitative, time-resolved analysis
on the structure and dynamics of sprays limits the accuracy of spray modeling and creates obstacles to
improving spray technology. Specifically, higher injection pressures (>1500 bar) and smaller orifice diameters
(<200 mm) for small-bore CIDI engines have brought even greater impetus to the understanding of fuel spray
behavior. With partial funding by Bosch Corporation, Argonne National Laboratory (ANL) has demonstrated
that the dense part of the fuel spray can be quantitatively probed by a non-intrusive method utilizing
monochromatic x-radiography techniques. By using fast a 2-D x-ray detector and appropriate x-ray optics,
ANL has proven that the x-ray measurement can be performed efficiently and the technique is practical for
industrial applications in nozzle diagnosis and spray modeling. In addition, complicated hydrodynamic
phenomena, such as generation of shock waves
by high-speed fuel sprays, have been

Optica quantitatively detected and visualized in a most
direct manner. This has allowed the analysis of
important thermodynamic properties, such as the
density of the gas media inside and near the shock

X-ray front. By being able to measure these parameters,
fuel injection system manufacturers will be able
to design injectors that result in lower emissions

Comparison of Optical and X-Ray Fuel Injection Spray of PM and NO, from CIDI engines.
Visualization

Lawrence Livermore National Laboratory and Sandia National Laboratories Explore an
""Alternative'" Combustion System

Homogeneous Charge Compression Ignition (HCCI) combustion has the potential to be as efficient as
CIDI engines while producing ultra-low NO, and PM emissions. An unique advantage of HCCI engines is that
they can operate on gasoline, diesel fuel, and most alternative fuels. While HCCI has been demonstrated and
known for quite some time, only the recent advent of electronic sensors and controls has made HCCI engines a
potential practical reality. Both Lawrence Livermore National Laboratory (LLNL) and Sandia National
Laboratories (SNL) have been working on HCCI combustion. LLNL has developed models to predict HCCI
combustion parameters and emissions and have converted an existing CIDI engine to HCCI combustion using
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propane as fuel. Engine control methods being explored include thermal strategies, use of additives (DME,
diesel, etc.), inlet heating, EGR, and exhaust throttling. SNL is developing fundamental understanding of
HCCI combustion phenomena through application of advanced laser diagnostics and chemical-kinetic rate
computations. A wide range of operating conditions and various fuel injection, fuel/air/residual mixing, and
control strategies that have the potential to overcome the technical barriers to HCCI will be investigated. SNL
has found that at very light loads and idle, HCCI combustion reactions no longer go to completion, resulting in
high HC and CO emissions. SNL has shown through analysis that EGR can smooth out combustion, allowing
higher-load operation. Although EGR has been shown to be beneficial, it will not be sufficient by itself to
allow high-load HCCI operation over the entire range of engine operation, one of major hurdles to practical
HCCI engines.

Future Directions

Last year, as part of the Ultra-Clean Transportation Fuels Initiative, DOE solicited proposals for the
development of clean transportation fuels and the integration of these fuels into existing infrastructure, and
development of new and innovative emission control systems for advanced CIDI engines. From this
solicitation, two new cost-shared projects were initiated:

* General Motors (a CIDI engine manufacturer and developer of emission control systems) heads a team to
discover new NO, reduction catalysts for CIDI engine emission control devices. Other members of the
team include Engelhard (a catalytic emission control device developer), ExxonMobil (a fuel supplier),
MSI (an informatics supplier) and Los Alamos National Laboratory (instrument development expertise).
The extremely large number of potential catalyst combinations makes it likely that better catalysts exist for
NO, emission control devices. Combitorial chemistry techniques developed in the pharmaceutical
industry will be used to quickly screen several thousand promising catalyst combinations. The most
effective of these will then be subjected to testing using actual engine exhaust. The results of this work
should result in more efficient, smaller, and cost-effective NO, emission control devices. This project has
a 3-year duration and the results will be available for development of new emission control catalyst
technologies by any potential customer.

* Ford Motor Company will develop and test a prototype light-duty truck using a V-6 CIDI engine with
selective catalytic reduction (with urea reductant) for NO, control and a catalyzed soot filter for PM
control. Assisting Ford in this project will be ExxonMobil (fuel supplier and catalyst technology
development), other catalyst suppliers to Ford, and FEV (an outside research facility). The major objective
is to develop and demonstrate an emission control system that will meet Tier 2 emission standards (0.07 g/
mi NO, and 0.01 g/mi PM) with greater than 5,000 hours durability. A unique aspect of this project is that
Exxon/Mobil will supply and demonstrate an integrated urea delivery system that is transparent to the user.
A practical and reliable urea distribution, storage, and dispensing system is needed to make urea selective
catalytic reduction a viable NO, emission control option for both light- and heavy-duty vehicles.
Demonstrating lifetime low emissions is a prerequisite to development of light-duty trucks and SUVs with
CIDI engines that can achieve up to 40 percent improvement in fuel economy with superior torque and
trailer towing capabilities relative to similar vehicles with gasoline engines.

Development of New Sensors: On January 25 and 26, 2000, OAAT sponsored a workshop on sensor needs for
automotive fuel cell systems; compression-ignition, direct-injection (CIDI) engines; and spark-ignition, direct-
injection (SIDI) engines. The purpose of the workshop was to draw upon the expertise of the fuel cell
development community, the direct injection engine community, and sensor researchers and manufacturers to
define the needs and technical targets for sensors, and to aid DOE in identifying and prioritizing R&D
activities in those areas. Sensors are important to being able to control emission control devices and extract the
optimum efficiency from them. Based on feedback from the Sensor Workshop conducted during the last year,
work on sensors has been expanded. In the coming year, four new projects will be initiated:
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CeramPhysics, Inc. will develop a low-cost, high-performance combined oxygen and NO, sensor that can
be used to control CIDI engines and emission control systems in a cost-sharing agreement with DOE.
Prototype sensors will be developed and bench-tested prior to full-scale testing in an engine by Visteon
Corp. This project builds upon the recent oxygen sensor developed by CeramPhysics under a prior project
funded by DOE.

Delphi through prime contractor Electricore will develop a robust NO, sensor for use in CIDI engines
under a cost-sharing agreement with DOE. The sensor will be designed to provide performance reliability
for the life of the vehicle (>5000 operating hours), and be commercially viable with high-volume, low-cost
production.

Honeywell Laboratories and the University of Minnesota will design and build several prototype
particulate matter (PM) sensors in a cost-sharing agreement with DOE. The sensor prototypes will be
installed and tested in a CIDI engine test facility at the University of Minnesota’s Center for Diesel
Research. Gas concentration and particle size and concentration information will be recorded for
calibration and verification of sensor test results. Honeywell’s commercial Sensing and Controls Division
(Micro Switch) will assist in the development of suitable sensor packages and supporting electronics for
the PM sensors.

Delphi through prime contractor Electricore will design and produce a low-cost, wide-range oxygen sensor
for use in CIDI engines to control the fuel injection and emission control systems. A prototype oxygen
sensor, designed to meet the requirements of an automotive environment, will be demonstrated at the
laboratory bench level. Engine qualification tests will be conducted on the sensor to prove functionality
and durability, and the cost of the sensor in high-volume production will be estimated. This project is cost-
shared with DOE.

Test and Demonstration of Engine/Fuel/Emission Control Systems: Meeting future emission standards requires

a coordinated effort to reduce emissions from the engine and incorporation of emission control devices that
complement the engine and loads put on the engine by the vehicle. The fuel used is important because it
determines in large part the deterioration rate of the emission control devices, and might serve as the source of
reductants for NO, emission control devices. In the coming year, three projects will test different approaches
to emission reduction - all three incorporate prototype CIDI engines for use in light-duty vehicles:

DDC will scale-up their emission control system (selective catalytic reduction with urea reductant for NO,
control and a catalyzed soot filter for PM control) to work with their 4-liter prototype CIDI engine. They
will continue their efforts to lower engine-out emissions, explore exhaust temperature management, and
continue catalyst development and testing that matches the emissions and exhaust temperatures of their
prototype engine. The fuel economy penalty and durability of their emission control system will be
quantified through engine and vehicle testing.

Cummins will continue their efforts to develop an emission control system that uses an NO, adsorber and
catalyzed soot filter for PM control. They have found that the sulfur from 15 ppm sulfur content fuel
combined with sulfur from consumed lubricating oil is sufficient to quickly degrade NO, adsorbers, which
are highly sensitive to sulfur. To make this approach viable, they will be designing a sulfur trap with a
target life of 20,000 miles. They will also identify the optimum reductant that can be derived directly from
diesel fuel and design a reductant injection system that minimizes the impact on fuel economy.

Apyron Technologies, Inc., Clark Atlanta University, and International Truck and Engine Corporation will
develop a commercial exhaust gas sulfur trap for CIDI engine applications in a new cost-shared project.
The project will be divided into three separate phases: Phase I will involve synthesis and laboratory testing
of the technology; Phase II will focus on adaptation of the technology to a diesel engine and in-line testing
with the engine; and Phase III will prepare the technology for production and commercialization.
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Homogeneous Charge Compression Ignition: HCCI combustion holds tremendous potential not just because it

results in extremely low emissions of NO, and PM, but because it can also use gasoline as a fuel. Substituting
HCCI engines for current spark ignition engines could result in large improvements in the fuel efficiency of
light-duty vehicles. HCCI engines are also very well suited to hybrid powertrains which are just now being
introduced into highway transportation vehicles. The primary hurdle to development of practical HCCI
engines is identifying ways to control the initiation and duration of combustion. Recognizing the potential of
HCCI engines, the DOE has awarded two new cost-shared three-year contracts in HCCI combustion to
consortiums of Universities that will be initiated in the coming year:

The University of Michigan along with the Massachusetts Institute of Technology, the University of
California at Berkeley, Stanford University, and Texas A&M University will combine their modeling and
laboratory testing capabilities to identify HCCI operating ranges and limits using gasoline as fuel, and to
assist development and optimization of control strategies. Both single- and multi-cylinder engines will be
used to investigate issues of fuel injection strategy, mixture homogeneity, valve timing, internal and
external EGR, intake mixture temperature, fuel properties, cooling strategies, and engine transients.
Enabling technologies such as variable valve timing, variable compression ratio, and implementation of
new engine sensors will be explored.

The University of Wisconsin along with the Pennsylvania State University, Princeton University, Stanford
University, and University of Illinois will develop methods to optimize and control HCCI engines using
gasoline as the fuel. This team of universities will use state-of-the-art computer modeling, coupled with
innovative engine experiments to devise strategies for optimizing and controlling HCCI engines. Detailed
chemical kinetic models will be developed and used to guide HCCI mixture preparation and strength.
Four fully instrumented engines will be used by the team that cover a wide range of displacements and
include features such as variable valve actuation, electronically controlled direct fuel injection systems,
and laser diagnostics.

Honors and Special Recognitions

Jin Wang, Ramesh Poola, Chris Powell, and Yong Yue of Argonne National Laboratory received the ANL
Director’s Award in June 2001 for their work on using x-rays to image and measure fuel injector spray
patterns. They were also finalists in the Discover Awards (issued by Discover Magazine) for this work.

M. Lou Balmer-Miller (former PNNL staff member), Stephen Barlow, Suresh Baskaran, Darrell Herling,
Russell Tonkyn, and Alexander Panov of Pacific Northwest National Laboratory, plus John Hoard of Ford
Motor Company and Galen Fisher of Delphi Research Labs, were awarded an R&D 100 award from R&D
Magazine for their work on non-thermal plasma emission control systems.

The team that prepared the Homogeneous Charge Compression Ignition (HCCI) Technology Report to
Congress was recognized with a special achievement award at the CIDI Engine Combustion, Emission
Control, and Fuels Review held at Oak Ridge National Laboratory June 11-13, 2001. The team included
representatives from Sandia National Laboratories, Lawrence Livermore National Laboratory, Ford,
General Motors, DaimlerChrysler, Cummins, DDC, Southwest Research Institute, and QSS Group, Inc.
The report is available on the web at www-db.research.anl.gov/db1/cartech/document/DDD/98.pdf.

Patents

"A Method and System for Reduction of NO, in Automotive Vehicle Exhaust Systems", John Hoard
(Ford), Mari Lou Balmer-Millar, Russell G. Tonkyn, Alexandre Malkine, and Alexander Panov (PNNL).
Filed by the Low Emissions Partnership (LEP), Docket No. 1017-047.

"Cascading Reactors for Increased NOx Reduction", Russell G. Tonkyn, Stephan E. Barlow, Mari Lou
Balmer-Millar, and Gary D. Maupin (PNNL). Filed by Pacific Northwest National Laboratory (PNNL),
File No. 12934-E.
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e "Catalysts for Lean Burn Engine Exhaust Abatement", by K. C. Ott, N. C. Clark, and M. T. Paffett
(LANL), serial number SN 09/699,162 filed October 27, 2000.

*  Material and System for Catalytic Reduction of Nitrogen Oxide in an Exhaust Stream of a Combustion
Process , T. J. Gardner, S. J. Lockwood, S. E. Lott, and L. I. McLaughlin (SNL) U.S. Patent 6,165,934,
December 26, 2000.

Invention Disclosures

¢ "Dual Catalyst System for NOx Reduction Following a Non-Thermal Plasma", Mari Lou Balmer-Millar
and Alexander G. Panov (PNNL). Invention Disclosure, PNNL File No. 13155-E.

¢ "Partial Oxidation of Hydrocarbons by Dielectric Barrier Discharge", Russell G. Tonkyn and Stephan E.
Barlow (PNNL). Invention Disclosure, PNNL File No. 13270-E.

* "Efficient Strategies for NOx Adsorber Regeneration", by Charles S Sluder and Brian H West (ORNL).
ORNL invention disclosure number 1300000896 filed December 21, 2000.

¢ "Fuel Additives for Sequestration of Sulfur", Charles S Sluder and Brian H West (ORNL). ORNL
invention disclosure number 1300000938 filed March 27, 2001.

* "Engine Exhaust Sulfur Dioxide Analyzer", Michael D. Kass, William P. Partridge Jr., Charles S. Sluder,
John M. Storey, Robert M. Wagner and Brian H. West (ORNL). ORNL invention disclosure number
1300000939 filed March 27, 2001.

The remainder of this report highlights progress achieved during FY 2001 under the Advanced
Combustion and Emission Control R&D Program. The following 31 abstracts of industry and National Lab
projects provide an overview of the exciting work being conducted to tackle tough technical challenges
associated with CIDI engines, including fuel injection, exhaust gas recirculation, fuel mixing, combustion
processes, and catalytic devices for controlling emissions. We are encouraged by the technical progress
realized under this dynamic program in FY 2001 which showed the potential of various emission control
technologies to reduce NO, and PM. However, it also pointed out the barriers still to be crossed, the most
prominent of which are achieving acceptable device deterioration rates and energy use (i.e., fuel economy
penalty). In FY 2002, we look forward to working with our industrial and scientific partners, to not only
advance emission control technology, but to achieve acceptable emission control device durability and
minimize the impact on fuel economy.

Alennis € Fpurtar. Katoa Epp—y

Kenneth Howden, Program Manager Kathi Epping, Program Manager

Industry Combustion and Emission Control R&D National Laboratory Combustion and Emission Control R&D
Office of Advanced Automotive Technologies Office of Advanced Automotive Technologies

Office of Transportation Technologies Office of Transportation Technologies

Gurpreet Singh, Team Leader Kevin Stork, Program Manager

Combustion and Emission Control R&D National Laboratory Emission Control R&D

Office of Heavy Vehicle Technologies Office of Heavy Vehicle Technologies

Office of Transportation Technologies Office of Transportation Technologies
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II. EMISSION CONTROL SUBSYSTEM TECHNOLOGY
DEVELOPMENT

A. Demonstration of Integrated NO, and PM Emissions for Advanced CIDI
Engines

Houshun Zhang

Detroit Diesel Corporation (DDC)

13400 Outer Drive, West

Detroit, MI 48239-4001

(313) 592-9815, fax: (313) 592-7888, e-mail: houshun.zhang@detroitdiesel.com

DOE Program Manager: Ken Howden
(202) 586-3631, fax: (202) 586-9811, e-mail: ken.howden@ee.doe.gov

Main Subcontractors: Engelhard Corporation, Michigan Technological University

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

B. PM Emissions

Tasks

4c. Selective Catalytic Reduction Catalysts

5a. Catalyzed Diesel Particulate Filter

6. Prototype System Evaluations

Objectives

* Demonstrate technology for PNGV/Personal Transportation (PT) engine families of 0.5 L/cylinder to
~0.7L/cylinder CIDI engines, which will achieve tailpipe emission levels for Federal Tier 2 emission
targets.

*  Meet specific targets for engine-out emissions, efficiency, power density, noise, durability, production
cost, emission control system volume and weight.

Approach

* Use new emerging combustion technologies combined with the most advanced emission control
devices to demonstrate an integrated engine, vehicle, and emission control system that meets
performance and emission targets.

* Develop emission control and engine systems emissions models for prediction and control of
emissions.

¢ Select and evaluate a "best" (engine and emission control device) system using an integrated
experimental and analytical tool set.

¢ Conduct system performance, emissions and durability evaluation testing.
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Accomplishments

* Developed a first generation catalyzed soot filter (CSF) plus selective catalytic reduction (SCR)
integrated system, coupled the integrated system with a 0.5 L/cylinder engine and implemented them
into a vehicle [PNGV (mule) Neon].

* Demonstrated 94% NO, and 80% PM reductions over several selected critical steady-state modal
points for a 0.5 L/cylinder engine and an emission control system.

*  Demonstrated 49% NO, and 69% PM reductions over the Hot-505 portion of the Federal Test
Procedure (FTP; chassis dynamometer test).

e Discovered and refined breakthrough combustion technologies (CLEAN Combustion' ) providing
much lower engine-out NO, emissions at selected operating conditions.

* Conducted aging tests for different catalysts, and characterized the catalyst performance and emissions
over time.

* Developed the first generation of integrated NO, and PM emission control systems suitable for light-
duty (LD) truck applications.

* Developed major portions of the virtual lab (simulation) toolbox.

* Validated and calibrated many of the virtual lab models.

Future Directions

* Refine CLEAN Combustion’ technology via systematic subsystem enhancements and methodical
integration.

* Explore robust exhaust temperature management.
* Continue catalyst development and testing.

* Implement an integrated emission control system for an SUV/LD truck to address the technology
scaling.

¢ Conduct integrated virtual plus hardware cycles of testing aiming at identifying synergistically new
local optima, and a global optimum, for the integrated engine-emission-control-powertrain-vehicle
system.

Introduction
L7

DDC is conducting the Low Emissions 12
Aftertreatment and Diesel Emissions Reduction

Slage-al-the Ari

|a% Fiilsdons Trade-O0v

(LEADER) program under a DOE project entitled: :. H Carve
"Research and Development for Compression- A8

Ignition Direct-Injection Engines (CIDI) and 5 &

Aftertreatment Subsystem." LEADER is a 36-month " e CLEAN Combustion®

program to develop CIDI engine emission control ot ';"

technologies and demonstrate scalability for various . *

vehicle inertia weight classes. The overall objective P . 5 1 T "
of this program is to achieve aggressive vehicle W0 (gkg. fuel)

emission targets for 2004 and beyond. DDC has had

significant experience in light-duty diesel engine Figure 1. Emerging Combustion Strategy for Light to
development and has developed unique engines with Medium Load
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displacements varying from 0.5 L to 0.67 L per cyl-
inder for different applications.

Approach

Breakthrough CLEAN Combustion” strategies have
been emerging, resulting in substantial advantages
over conventional engine NO,-PM trade-off
characteristics (Hakim and Bolton, 2001). Figure 1
illustrates that the newly developed combustion
technology offers substantial NO_-PM trade-off
compared to the current state-of-the-art low emission
characteristic curve. In addition, increases in exhaust
temperature will offer an ideal environment for
emission control devices. As a consequence, a new
integrated emission reduction roadmap is emerging
and is shown in Figure 2.

In order to realize the newly developed roadmap,
the strategy is to pursue integrated engine, emission
control, and vehicle development using our coupled
experimental and analytical tool set. DDC and its
subcontractors are developing a suite of advanced
integrated catalyst and engine emission control
models. The objective is to predict emissions for a
broad range of engine-out conditions and catalyst
design specifications. Validated models will provide
further design recommendations and testing
directions.

Results

A first generation integrated engine (0.5 L/
cylinder, 3 cylinder CIDI) plus emission control
system was developed using bench and engine
dynamometer testing. Figure 3 shows the emission
reductions over selected steady-state modal points.
NO, was reduced over 94% and PM by over 8§0%.
The ammonia slip was minimized to zero at most
modal points.

The DDC team also implemented this first
generation system into a PNGV-type (mule) Chrysler
Neon vehicle. Displayed in Figure 4 is the Neon
mule test data over the Hot-505 portion of the FTP
transient chassis dynamometer test. The results
demonstrated through this first generation integrated
system are extremely encouraging.
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The development of emission control systems for LD
truck applications is also moving forward. The first
generation of the emission control hardware and
controls is being integrated with the DDC 4-liter
DELTA engine.

Significant progress has been made in virtual lab
development. The emission control virtual lab
technical path and the three layer interactions defined
in last year’s annual report (Zhang, 2000) are being
well executed. DDC and its assembled team have
developed major portions of virtual lab 1D, 2D and
3D catalyst models. Integration of these in a
seamless fashion is in progress, albeit a daunting
task. In the mean time, the models are being
selectively tested. As an example, Figure 5 shows a
reasonably good comparison of experimental data
and simulation for a vehicle equipped with an SCR
catalyst over a transient test.

A 2-dimensional single-channel numerical
model describing the filtration, flow field, heat
transfer and regeneration characteristics of PM traps
is being developed by Michigan Technological
University (MTU). This model is also being
integrated within the DDC simulation library, thus
providing a full package to investigate the
performance and PM emissions for a given engine
and emission control system in the virtual lab. In
addition to prediction of pressure drop, the current
model can also predict the instantaneous temperature
contour inside the filter during a regeneration
transient exemplified in Figure 6. The PM model is
being validated with transient engine data.
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Figure 6. Temperature Contour of a Diesel Particulate
Trap

Conclusions

The first generation of integrated engine and emis-
sion control (CSF plus SCR) system was developed
and implemented into a PNGV mule vehicle. Emis-
sions reductions are encouraging, showing over 49%
NO, and over 69% PM reduction in vehicle transient
cycles, and over 94% NO, and over 80% PM reduc-
tions over critical modal points in steady-state engine
testing. This can be attributed to the combination of
new emerging CLEAN Combustion technology and
advanced emission control systems. Progress in vir-
tual lab development is moving forward, providing
further design recommendation and testing direc-
tions. This shortens the design and development
cycles to achieve near-optimum technology that will
meet the Tier 2 emissions targets.
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B. Development of Advanced Aftertreatment Subsystem Technologies for CIDI
Diesel Engines

Robert Yu (Primary Contact)

Cummins Inc.

1900 McKinley Avenue

Columbus, IN 47201

(812) 377-7531, fax: (812) 377-7226, e-mail: robert.c.yu@cummins.com

DOE Program Manager:Ken Howden
(202) 586-3631, fax: (202) 586-9811, e-mail: ken.howden@ee.doe.gov

Contractor: Cummins Inc., Columbus, Indiana
Prime Contract No.: DE-FC02-99EE50577; October 15, 1999 — December 15, 2002

Subcontractor: Engelhard Corporation, Iselin, NJ

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

B. PM Emissions

Tasks

4a. NO, Adsorber R&D

4f. R&D on Sulfur Trapping Technologies

5a. Catalyzed Diesel Particulate Filter

6. Prototype System Evaluations

Objectives

* Develop the generic aftertreatment emission control technologies applicable for LDV and LDT
engines ranging from 55 kW to 200 kW.

* Deliver an optimized aftertreatment subsystem for a 55 kW PNGYV application to demonstrate Tier 2
NO, and PM emissions capability with engine-out emissions of 1.4 g/kW-hr NO, and 0.15 g/kW-hr
PM. Only those technologies which have a reasonable chance of meeting EPA Tier 2, Bin 5
regulations of 0.07 g/mile NO, and 0.01 g/mile PM will be pursued.

Accomplishments

* The development of an emission control system (ECS) performance model has been completed, and
the model is being used in conjunction with critical lab/engine experiments for preliminary emission
control subsystem design and analysis.

*  The results of preliminary emission control subsystem design and analysis indicated that the best NO_
control approach for LDV and LDT applications is the NO, adsorber technology. A NO, reduction
efficiency of 87% is required to achieve 0.07 g/mile PNGV vehicle-out NO, emissions.

* Significant progress has been made on adsorber formulation development, extending operation of the
catalysts by about 30 to 50°C lower temperatures as compared to the previous formulations.
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An 84% NO, conversion efficiency and 95% PM conversion efficiency have been demonstrated with a
breadboard low emission ISB engine and an adsorber/CSF exhaust configuration on a simulated FTP-
75 emission cycle.

Progress has been made on NO, adsorber bypass regeneration strategies. The results indicate a 40% to
50% reduction in fuel injection penalty as compared to full flow regeneration strategies over a
simulated FTP-75 emission cycle. A by-pass regeneration system will be needed to achieve the
program target of 5% maximum fuel economy penalty.

Progress has been made on identifying the best reductant for NO, adsorber catalysts, measuring ECS
emissions, and analyzing catalyst material for ECS development.

Mapping of exhaust sulfur concentrations with different fuel and oil sulfur levels over a wide range of
engine speeds and load conditions has been completed. The results indicate that, in addition to the fuel
sulfur content, the sulfur in the oil also plays a major role in adsorber sulfur loading and performance

degradation. With a 15 ppm sulfur diesel fuel and a standard heavy-duty lube oil, the sulfur in the oil

can account for up to 50% of the total sulfur in the exhaust.

Test results indicate that the NO, conversion versus temperature curve for an ISB engine is nearly
identical to that of a Diata engine. This suggests that a fundamental and "displacement-size"
transparent understanding can be achieved for ECS technology development.

Future Directions / Expected Results

Continue to develop and optimize selected catalyst formulations for best NO, conversion efficiency
under exhaust temperatures and space velocities consistent with anticipated LDV and LDT
applications.

Continue to develop and design an irreversible sulfur trap to provide sufficient capacity to trap 100%
fuel- and oil-derived SO, for a new target of greater than 20,000 mile operation.

Identify optimum reductant and develop reductant injection system.
Define and implement control algorithm including required inputs and outputs.

Optimize the reductant control for enrichment during steady-state and transient operations for best
ECS performance (conversion efficiency, fuel penalty, and HC slip).

Develop and optimize the NO, /PM system configuration. Investigation will include different
placement and order of NO, and PM control devices, different injection locations, and full-flow versus
by-pass regeneration.

Obtain preliminary transient FTP-75 results on a P2000 vehicle at Argonne National Laboratory.

Introduction

The key objective of this project is to develop the
generic emission control technologies applicable for
LDV and LDT engines ranging from 55 kW to 200
kW. This will involve engines with displacements
ranging from 1.2 to 6.0 liters. A fundamental and
"displacement-size" transparent understanding will
be required. Cummins’ results indicate that the LDV
and LDT exhaust operating characteristics can be

simulated with the Cummins ISB mule engines (see
Figure 1). Therefore, most of the emission control Figure 1. Cummins [SB Engine
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Figure 2. Ford DIATA Engine
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subsystem screening and fundamental understanding
will be conducted on the ISB mule engines. In
addition, parallel performance validation and final
aftertreatment subsystem optimization will be
conducted on a DIATA engine developed under the
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Ford Hybrid Propulsion System Development
Program (see Figure 2). The program’s primary
focus will be on emission control subsystem NO, and
PM conversion efficiency with a minimum impact on
fuel consumption penalty, although the higher
conversion efficiency required may result in an
increase in the cost, size, and weight of the emission
control subsystem. Figure 3 is a detailed flow chart
of the activities described above.

Approach

Under the phase I program, various NO, control
technologies including non-thermal plasma, NO,
adsorber, and active lean-NO,, in conjunction with
active reductant injection were investigated to select
the best NO, control technology for emission control
subsystem integration and development. The areas
of development include catalyst formulation for high
NO, conversion over a wider catalyst/exhaust gas
temperature range, catalyst structure for increased
exhaust gas residence time on active catalyst sites,
and an understanding of the various factors that
cause deactivation of the catalyst. Fuel
reformulation concepts and diesel fuel based onboard
hydrocarbon cracking strategies will be investigated
to increase the activity of the hydrocarbons
introduced into the catalyst systems. Even with the
availability of 15 ppm sulfur fuels, the development
of a sulfur management scheme is critical to prevent
catalyst poisoning and deactivation. The application
of a sulfur trap that can be regenerated offline or
periodically replaced will be explored.

PM emissions will be addressed by developing a
catalyzed soot filter or a combination of catalyzed
soot filters with supplemental microwave heating.
Soot filter catalysts have been successfully
formulated for heavy-duty applications with passive
regeneration. However, with the lower exhaust
temperatures encountered in PNGV application, an
active regeneration scheme with supplemental
heating will be investigated.

Finally, the improved emission control
components will be integrated and configured
optimally in a system developed for a PNGV
application. This system will then be calibrated and
tested in a controlled environment on a PNGV-sized
engine.
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Results

In Phase I of this project the three NO, reduction
technologies including plasma assisted catalytic NO,
reduction, active lean-NO, catalysis, and adsorber
catalyst technology using intermittent rich conditions
for NO, reduction were investigated in parallel in an
attempt to select the best NO, control approach for
emission control subsystem integration and
development. The investigation included critical lab/
engine experiments, preliminary design and analysis,
and ranking and selection of NO, control
technologies against reliability, up-front cost, fuel
economy, service interval/serviceability, and size/
weight. Results indicate that the best NO, control
approach for LDV and LDT applications is NO,
adsorber technology. The key advantages of NO,
adsorber technology are its potential for high NO,
conversion (>87%) and its wide temperature range of
peak operation (250°C to 400°C), although not low
enough for light duty applications. Another benefit is
that it can use diesel fuel as a reductant, which has
advantages of easier enforcement/anti-tampering
control and no infrastructure issues (as with urea
distribution).

As shown in Figure 4, the NO, adsorber catalysts
have achieved high NO, reduction levels using very
low sulfur (< 3 ppm) diesel fuels under steady-state
conditions. However, sulfur poisoning, high fuel
penalty during full flow regeneration, and effective
regeneration during transient operation at low
temperatures remain issues and need to be addressed.
The impact of fuel sulfur levels on NO, conversion
efficiency is given in Figure 5. The results indicate
that even with the availability of 15 ppm sulfur diesel
fuels, an effective exhaust sulfur management
scheme is required to keep emission control devices
operating near their peak effectiveness. To better
understand the effect of adsorber sulfur loading and
performance degradation, a mapping of exhaust
sulfur concentration over a wide range of engine
speeds and load conditions was made. The results, as
shown in Figure 6, indicate that, in addition to the
fuel sulfur, the sulfur in the lube oil also plays a
major role in adsorber sulfur loading and
performance degradation. An attempt was made to
develop a sulfur trap having sufficient capacity to
protect the NO, adsorber catalyst from sulfur
poisoning that would last at least 20,000 miles
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between change intervals. A SO, trap with a 20 gm
SO,/L capacity, and an estimated 12,000 mile
lifetime before change-out has been demonstrated.
Alternate substrates with high pore volume are being
investigated to provide the increased capacity.

Significant progress has also been made on
adsorber formulation development. The engine test
results indicate that the advances in adsorber
formulation have extended the operating temperature
range of catalysts to about 30 to 50°C lower than
previous formulations had achieved. However, due
to diesel fuel oxidation limitations, the low
temperature light-off of an adsorber is not expected
below 200°C. Two alternatives have been analyzed
to improve low temperature conversion of NO_
adsorbers: (1) using a reformer to generate reductants
which can operate at lower temperatures, and (2)
raising exhaust temperatures so that diesel fuel may
be used directly as the reductant. The reformer
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produces hydrogen and carbon monoxide, which are
active reductants even at 180°C, while diesel fuel is
active only above 200°C. The reactor test results
indicate that H, is the best reductant, followed by a
mixture of H, and CO, followed by CO (see Figure
7). So for low temperature operation of NO,
adsorbers, either a reformer can be used or the
exhaust temperature may be raised by 20°C. A
reformer catalyst has been procured and is being
prepared for critical performance testing.
Calculations show that all the optimum catalytic
partial oxidation (CPO) operating conditions without
coking cannot be met under certain engine operating
conditions. This test will help understand the impact
of coking on hydrogen production.

Control of PM emissions was demonstrated
using a catalyzed soot filter (CSF). Figure 8
illustrates the capability of the CSF to reduce PM as
a function of catalyst temperature. This device has
the added advantages of providing reduction in HC
and CO emissions. Catalyzed soot filters have been
successfully formulated for heavy-duty applications
with passive regeneration. However, with the lower
exhaust temperatures encountered in PNGV
application, a further reduction in soot regeneration
temperature or an active regeneration scheme such as
supplemental heating or engine exhaust temperature
management may be necessary. To further reduce
the soot filter regeneration temperature, an advanced
catalyzed soot filter is being tested with a precat
upstream to evaluate the advantage of NO to NO,
function in terms of balance point temperature
(BPT). BPT results for advanced CSF and advanced
CSF w/precat are shown in Figure 9. The precat with
advanced CSF gave a 40 to 50°C reduction in the
balance point temperature and better regeneration
performance.

Testing using microwave regeneration for active
soot filter regeneration is also underway. Current
results indicate that similar to passive regeneration,
active regeneration is most efficient when the filter is
regenerated at lower soot loading levels. At high
soot loading levels, the soot filter may experience an
uncontrolled regeneration, which may result in
failure of the filter. Using microwaves for
regeneration results in relatively fast soot burning,
approximately 10 minutes to regenerate to a clean
filter condition as compared to 30 minutes for
passive regeneration with a 50g/ft* Pt catalyzed soot
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filter. Additional testing will be conducted
evaluating soot loading level, microwave power, and
engine conditions.

As part of LDV ECS subsystem development, a
split flow arrangement was set up in the test cell to
divert part of an ISB’s exhaust to a Diata
aftertreatment system. The diverted flow was
adjusted by valves upstream of the ECS to obtain
roughly 20% of total engine exhaust flow (1.2 L
engine displacement for Diata versus 6.0 L
displacement for ISB). NO, conversion efficiency
obtained from this setup agreed well with previous
tests using Diata exhaust flow under engine steady-
state operating conditions, as shown in Figure 10.
This suggests that a fundamental and "displacement-
size" transparent understanding can be made on ECS
technology development.

Conclusions

Results of extensive emission control subsystem
design and analysis to date indicate that the best NO,
control approach for LDV and LDT applications is
NO, adsorber technology. A NO, reduction
efficiency of 87% is required to achieve 0.07 g/mile
NO, PNGV vehicle-out emissions. Both active lean-
NO, and plasma-assisted catalytic reduction (PACR)
technologies are currently not capable of achieving
the high conversion efficiency required for DOE
emission control subsystem program objectives.
Conversion efficiencies of 84% for NO, and 95% for
PM have been demonstrated with a breadboard low
emission Cummins [SB engine and an adsorber/CSF
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vs. DIATA

exhaust treatment configuration on a simulated FTP-
75 emission cycle.

With the lower exhaust temperatures
encountered in LDV and LDT applications, the
improvement in NO, conversion efficiency over a
wider exhaust temperature range has also been
identified as a critical development task. Significant
progress has been made on adsorber formulation
development, extending the operating temperature
range of the catalysts 30 to 50°C lower than that
achieved with previous formulations.

Progress has also been made on NO, adsorber
regeneration strategies, reducing the fuel injection
penalty by 40 to 50% compared to earlier tests. As
part of an early demonstration/validation of NO,
adsorber technology progress, a mobile ECS has
been prepared for preliminary chassis dynamometer
testing on a diesel hybrid electric PNGV vehicle at
Argonne National Lab this year.

Throughout the ECS project the emphasis has been
on a fundamental understanding of emission control
technologies. Demonstrations have been focused on
repeatable performance and development efforts
have been directed towards technologies which have
a reasonable chance of meeting EPA regulations.
Much has been accomplished to date, but much work
remains to be done on reliability and durability of
these technologies before they will be ready for use
on vehicles.
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C. Investigation of Sulfur Trap Performance

John Storey

Oak Ridge National Laboratory

NTRC

2360 Cherahala Blvd.

Knoxville, TN 37932

(865) 946-1231, fax: (865) 946-1348, e-mail: storeyjm@ornl.gov

Bill Partridge

Oak Ridge National Laboratory

NTRC

2360 Cherahala Blvd.

Knoxville, TN 37932

(865) 946-1234, fax: (865) 946-1354, e-mail: partridgewp@ornl.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

Industry Participants: Goal Line Environmental Technologies; Cummins Engine Co.

Contractor: UT-Battelle, LLC (Oak Ridge National Laboratory), Oak Ridge, TN
Contract Number DE-AC05-000R22725 from February 1, 2000 - March 31, 2005

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

B. PM Emissions

Tasks

4f. R&D on Sulfur Trapping Technologies

Objectives

¢ Investigate the performance and durability of sulfur trap catalysts and the chemical processes
involved.

Approach

* Determine sources and sinks for exhaust sulfur species using gas and particle phase analytical
chemistry.

* Utilize advanced measurement capabilities to elucidate NO_ -adsorber/sulfur trap performance with
improved resolution and/or sensitivity.
Accomplishments

* Applied Spatially Resolved Capillary Inlet Mass Spectrometer (SpaciMS) to a full-scale NO,-
adsorber/sulfur trap device and acquired data relevant to device improvement and optimization and
model validation and development.

- Determined the loading behavior for nitrogen and sulfur species and the process rate-limiting
steps, diffusion or kinetics.

26



Combustion and Emission Control for Advanced CIDI Engines

FY 2001 Progress Report

- Quantified the effects of sulfur poisoning and desulfurization on NO,-adsorption/desorption/
reduction and reductant-reforming processes.

- Validated the diesel reductant reforming process by demonstrating the detection of olefin and

oxygenate HC fragments.

¢ Discovered significant presence of partial oxidation products of fuel sulfur in the exhaust gas.

Future Direction

* Apply the SpaciMS to formulations with just sulfur-trap function on them.

* Continue to investigate/identify sulfur species in exhaust.

Introduction

NO, adsorber catalysts provide a promising
approach for emissions reduction in the fuel-lean
environment of diesel-engine exhaust. However,
fuel sulfur remains the biggest barrier to their
implementation. Even with fuel sulfur as low as 15
ppm, sulfur poisoning and subsequent
desulfurization schemes will be necessary. Sulfur
trap catalysts offer the possibility of preventing or
attenuating NO, adsorber poisoning by trapping the
SO, in the exhaust. Issues with their effectiveness
and durability remain, however.

In the article entitled "NO, Control and
Measurement Technology for Heavy-Duty Diesel
Engines" contained within this report, Bill Partridge
details the use of a high-speed instrument capable of
temporally resolving the transient emissions
associated with NO, adsorbers. He describes a
Spatially Resolved Capillary Inlet Mass
Spectrometer (SpaciMS) that has been developed in
a CRADA project to provide high-speed, minimally
invasive, intra-catalyst-channel measurements of a
broad range of species. This technology has been
applied to a combined sulfur-trap/NO, adsorber
catalyst in order to probe the performance before and
after sulfur poisoning, and after desulfurization.

Experimental Description

In the last year, modifications to the SpaciMS
were implemented to allow high-speed data
acquisition, measurement synchronization to external
events (e.g., reductant injection) and real-time
switching between any one of twelve sample
capillaries. A multi-port valve greatly improves
experimental efficiency by allowing for switching
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between capillaries positioned at various locations
within a catalyst monolith to investigate radial and/or
axial species and distributions of emissions during
transient operation.

A combined sulfur-trap/NO, adsorber catalyst
was investigated at Goal Line Environmental
Technologies (GLET) in Knoxville, TN. Figure 1 is
a photograph of the system with the SpaciMS in the
foreground, and Figure 2 describes the experimental
setup and adsorption/regeneration schedule followed
in the experiment. Note that two capillaries were
deployed in each of the four bricks for a total of
eight. The extended adsorption/regeneration
schedule allowed for the study of adsorption
dynamics and regeneration transients.

For these experiments, a turbocharged, direct-
injected medium-duty diesel engine coupled to an
electrical generator provided the exhaust. Baseline
conditions using ultralow sulfur fuel (<3 ppm) were
run at 255°C, 320°C, and 390°C. Then the unit was
poisoned for 6 hours with D2 (450 ppm sulfur), with
performance checks after 2, 4, and 6 hours. Finally,
the unit was desulfurized at 500-550°C for 45
minutes and performance measured again. Total
NO,, O,, CO, and HC species were measured at each
capillary position for an entire 5 minute desorption/
regeneration cycle.

Results

NO, concentration at each of the 8 points in the
unit is shown in Figures 3a, 3b and 3¢ for the
baseline condition, after six hours of sulfur
poisoning, and after desulfurization, respectively.
This unique data characterizes the local NO, storage
capacity within the catalyst as well as loading rate.
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Figure 1. Photograph of the Test Catalyst with SpaciMS
Instrument in the Foreground
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Figure 2. Schematic of the Catalyst Configuration and
Adsorption/Regeneration Schedule

In the baseline case (Figure 3a), the loading profiles
are spaced monotonically with increasing distance.
After 6 hours of sulfur poisoning (Figure 3b), the
loading profiles are compressed to the front of the
cycle indicating loss of storage capacity in the first
three catalysts. We found that the first, second and
third bricks became poisoned after 2, 4, and 6 hours,
respectively, in a plug flow manner which indicates
the sulfur-induced capacity loss is diffusion limited.
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Figure 3. NO, adsorption behavior as a function of time

for (a) fresh unit, (b) sulfur-poisoned unit, (c)
unit after desulfurization. Capillaries are
placed in the front 1/3 and 2/3 of each of the
four bricks, so capillary 1 is in the upstream
brick and capillary 8 is in the downstream
brick.

Following desulfurization (Figure 3c), significant
capacity is recovered in the the front three catalysts
as indicated by the monotonic spacing of the loading
profiles. However, NO, emissions are observed in
the fourth catalyst at 40 s compared to 60 s prior to
sulfur poisoning, indicating some irreversible loss of
NO,-storage capacity. The effects of sulfur
poisoning and desulfurization on NO_-storage
capacity can also be characterized via breakthrough
curves (Figure 4). These curves are based on the full
data of Figure 3 and represent the time required to
achieve a specified (~10% engine out) local NO, slip.
The degraded slope in Figure 4 associated with sulfur
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axial position. The time to breakthrough is
defined as the time it takes the local NO,
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performance of the catalyst with the exception
of the last three positions.

poisoning, compared to the baseline condition,
indicates decreased capacity and is consistent with
the compressed loading curves in Figure 3b.
Following desulfurization, the breakthrough curve
slope increases but not to the magnitude of the
baseline case, which indicates the effectiveness of
desulfurization for recovering some NO,-storage
capacity but quantifies the irreversible loss of
capacity associated with the poisoning/
desulfurization process.

The SpaciMS was also applied to investigate fuel
reforming associated with diesel fuel reductant
injection during the regeneration phase of the
SCONOx™ (trademark name for the Goal Line
Environmental Technologies NO, adsorber catalyst
technology)cycle. Figures 5a, 5b, and 5c indicate the
dynamics of relevant HC fragments two inches into
the first brick (capillary 1) for the baseline, sulfur
poisoned, and post-desulfurization cases,
respectively. The specific HC fragments investigated
were identified from full mass scans as
demonstrating dynamic activity during the
regeneration phase. Surprisingly, no fuel HC pulse is
measured for any of the catalyst conditions,
indicating complete reforming of the diesel fuel to
other products (identified as olefinic and oxygenate
products) in the first two inches of the front catalyst.
The fuel reformer products peak at distinct times.
With sulfur poisoning (Figure 5b), the oxygenate
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Figure 5. HC species information as a function of time
for (a) fresh unit, (b) sulfur-poisoned unit, (c)
after desulfurization. The different mass
values, m/z=55, 56, 57, correspond to the
major mass fragment from olefinic,
oxygenate, and paraffinic species,
respectively.

species are suppressed relative to the olefinic species.
This suppression indicates that in addition to
poisoning the adsorber sites (Figure 3b), sulfur
poisoning influences the reductant reforming
function. Following desulfurization (Figure 5c), the
baseline characteristics are recovered, although with
lower concentration when compared to Figure Sa.
The loss of activity is likely associated with sintering
of the metal sites during high-temperature
desulfurization.

The unique and previously unavailable data
provided by the SpaciMS is critical to developing
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catalyst models; understanding the details of NO,
loading, fuel reforming, sulfur poisoning and
desulfurization; identifying rate limiting steps; and
optimizing catalyst parameters such as reductant
quantity required, catalyst aspect ratio, and washcoat
formulation.

Future Plans

Further work will include the use of the SpaciMS
to investigate a catalyst with only the sulfur trap
washcoat on it. We believe that the SO, can be
monitored in the catalyst which will help determine
the dynamic behavior of the exhaust sulfur species.
Work will continue to identify all of the sulfur
species in the exhaust and their potential influence on
NO, aftertreatment.

Summary

NO, adsorbers load NO, in a kinetics-limited or
non-plug flow manner. Sulfur poisoning proceeds in
a diffusion-limited or plug-flow manner, and it
destroys NO, -storage capacity from the front to back
of the catalyst unit. In addition to the detrimental
effect it has on NO_ storage, sulfur poisoning affects
the reforming function. High-temperature
desulfurization restores significant, but not baseline,
NO,-storage capacity. Desulfurization also restores
the reductant-reforming function to baseline
conditions in terms of products, but with degraded
efficiency.
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

B. PM Emissions

Tasks

4a. NO, Adsorber R&D

5a. Catalyzed Diesel Particulate Filter

6. Prototype System Evaluations

Objectives

* Demonstrate the potential effectiveness of near-term NO, and PM emissions control technologies
using a light-duty CIDI vehicle during transient certification-type tests.

¢ Improve control of synthesis-gas regeneration technique for further laboratory studies of the effects of

exhaust conditions during regeneration on the effectiveness of NO, adsorber / diesel particle filter
emissions control systems.

Approach

¢ Conduct chassis-dynamometer evaluations of a 1999 Mercedes A170 CIDI vehicle using an ultra-low

sulfur fuel. Perform these evaluations using both a prototype NO, adsorber and a prototype diesel
particle filter installed on the vehicle. Utilize the FTP and US06 driving schedules for testing.

Accomplishments

* Collaborated with the Manufacturers of Emission Controls Association (MECA) to acquire additional

prototype emissions control devices for use in this project.

* Demonstrated in a laboratory experiment that the combination of a NO, adsorber and a catalyzed
diesel particulate filter can achieve simultaneous reductions of NO, and PM emissions from a diesel
vehicle of over 90% compared with engine-out emissions over the FTP, US06, and highway fuel
economy (HFET) test cycles.
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* Demonstrated that integration of a catalyzed diesel particle filter with a NO_ adsorber and its
regeneration system can allow simultaneous regeneration of both devices through the active measures

taken to regenerate the NO, adsorber.

* Completed laboratory regeneration system upgrades to allow for more repeatable regeneration control,
permitting further study of effects of regeneration exhaust conditions on emissions control system

performance.

Future Directions

* Investigate the effects of exhaust temperature, exhaust chemistry, and regeneration strategy on the
performance of these devices when used together in an emissions control system.

Introduction

Lean-burn direct-injection engines (both
compression-ignition and spark-ignition) offer the
possibility of very significant fuel-efficiency gains.
Unfortunately, both of these engine technologies
present NO, and PM emissions challenges that must
be overcome if they are to meet future emissions
regulations. To this end, research has been
conducted to develop new emissions control
technologies that can reduce both PM and NO,_
emissions from lean-burn engines. However, these
technologies can require large capital expenditures
by the nation’s industries and some questions remain
as to whether these technologies, if implemented, can
enable lean-burn engines to meet the stringent EPA
Tier 2 emissions standards. These questions are
particularly applicable to compression-ignition,
direct-injection (CIDI) engines. The Diesel Vehicle
Emissions Control Sulfur Effects (DVECSE) project
aimed to demonstrate the potential reductions that
new emissions control technologies may provide and
to investigate the short-term impact of fuel sulfur on
these potential reductions.

Approach and Results

A 1999 Mercedes A170 CIDI (Figure 1) was
used as the testbed for this project. The Mercedes
was selected because it is equipped with an
advanced, common-rail direct-injection,
turbocharged diesel engine with exhaust gas
recirculation. The engine is 1.7 liters in
displacement, making it of the approximate size
targeted by the PNGV program. The emissions from
the A170 equipped with its factory catalytic
converters and without any emissions control devices
(engine-out emissions) were first measured as
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Figure 1. 1999 Mercedes A170 CIDI Research Vehicle

baselines for comparison. A regeneration system
was developed to allow regeneration of the NO,
adsorber during these transient tests without the need
for engine modifications. This regeneration system
utilized bottled gases (CO, C,H,, and H,) together
with the engine exhaust stream to mimic exhaust
conditions that can be generated using late-cycle, in-
cylinder injection of diesel fuel. Late-cycle injection
is a likely means for generating the exhaust
conditions necessary for actively-controlled
emissions control technologies. It was not possible
to utilize late-cycle injection for this project given
time and resource constraints. In previous work
reported last year, the Mercedes vehicle was
equipped (one-at-a-time) with a catalyzed diesel
particulate filter (CDPF) and a NO, adsorber that
were provided by the MECA. These results
demonstrated single-pollutant emissions reductions
in the high 90% range using ultra-low sulfur fuel.

Following individual evaluations of the CDPF
and NO, adsorber, the two devices were paired to
make up an emissions control system that could
achieve simultaneous reduction of all 4 criteria
pollutants (hydrocarbons, CO, PM, and NO,). A fuel
with nominally 3 ppm sulfur by weight was used.
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Figure 2. NO, and PM Reductions Demonstrated in this
Project

The regeneration protocol that had previously been
used for the NO_ adsorber evaluations was used for
the emissions control system evaluations without
modification. A light-off catalyst was coupled
directly to the turbocharger outlet, with a CDPF
located approximately 1 meter downstream. The
NO, adsorber was coupled directly to the outlet of
the CDPF. Triplicate FTP, US06, and HFET cycles
were then conducted. The results showed that this
combination of a CDPF and NO, adsorber could
achieve simultaneous reductions of PM and NO,
emissions of over 90%, while maintaining carbon
monoxide and unburned hydrocarbon levels lower
than the engine-out baseline. The resulting grams
per mile emissions levels from these degreened, but
otherwise relatively fresh catalysts, are consistent
with levels established by EPA in the Tier 2
emissions standards, though the Tier 2 levels require

this certification at 120,000 - 150,000 miles of aging.

Following the work summarized above, the order
of the emissions control devices was changed so that
the NO, adsorber was upstream of the CDPF and a
brief set of experiments was conducted. In this
configuration, the NO, adsorber performance was
not very different than in previous experiments, but
the particulate emissions dropped significantly.
Although this brief study did not provide a complete
explanation of this phenomenon, it provides a further
emphasis on the importance of proper integration of
these technologies into a vehicle for maximization of
the emissions benefits that they offer.
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Conclusions

The CDPF and the NO, adsorber show great
promise for enabling light-duty CIDI vehicles to
meet future emissions targets (Figure 2). However,
considerable development is still needed. Engine
controls adequate to efficiently provide the exhaust
conditions necessary for regeneration of a NO,
adsorber and CDPF are not yet available, and no
long-term durability studies have yet been
conducted. Furthermore, it is clear from other
studies that the NO, adsorber technology will require
a means of sulfur protection (sulfur traps, de-
sulfurization, etc) in addition to lower sulfur fuels.

Publications and Presentations

1. C. Scott Sluder and Brian H. West. "Catalyzed
Diesel Particulate Filter Performance in a Light-
Duty Vehicle." SAE Paper #2000-01-2848.
Society of Automotive Engineers, 2000.

Brian H. West and C. Scott Sluder. "NO,
Adsorber Performance in a Light-Duty Diesel
Vehicle." SAE Paper #2000-01-2912. Society
of Automotive Engineers, 2000.

3. C. Scott Sluder and Brian H. West.
"Performance of a NO, Adsorber and Catalyzed
Particle Filter System on a Light-Duty Diesel
Vehicle." SAE Paper #2001-01-1933. Society
of Automotive Engineers, 2001.

R. N. McGill, B. H. West, and C. S. Sluder.
"Demonstrating Ultra-Low Diesel Vehicle
Emissions." Proceedings of the Diesel Engine
Emissions Reduction Workshop, 2000.
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E. Stretch Technologies for Near-Zero Emissions: EGR with SCR/CRT
Aftertreatment

John F. Thomas (Primary Contact)

Oak Ridge National Laboratory

P.O. Box 2009, Mail Stop 8088

Oak Ridge, TN 37831-8088

(865) 241-9865, fax: (865) 574-2102, e-mail: thomasjfl@ornl.gov

DOE Program Manager: Gurpreet Singh
(202) 586-2333, fax: (202) 586-1600; e-mail: gurpreet.singh@hq.doe.gov

DOE Program Manager: Kevin Stork
(202) 586-8306, fax: (202) 586-4166, e-mail: kevin.stork@ee.doe.gov

Contractor: UT-Battelle, LLC (Oak Ridge National Laboratory), Oak Ridge, TN
Prime DOE Contract No: DE-AC05-000R22725
Period of Performance: Feb. 1, 2000 - March 31, 2005

Industry Participants: Cummins Engine Company, Inc., Columbus, IN, Johnson Matthey, Inc.,
Wayne, PA.

This project addresses the following OTT R&D Plan barriers and tasks:

Barriers
A. NO, Emissions
B. PM Emissions

Tasks

6. Prototype System Evaluations

Objectives

* To demonstrate that a modern heavy-duty compression ignition powertrain with aggressive exhaust
emission control can achieve very low (near-zero) emissions, thus illustrating progress of "stretch"
emission control technology toward meeting the 2007 EPA emissions standards.

¢ To contribute to the understanding and development of integrated emissions controls (NO, and PM),
including advanced engine technology, fuels and multiple emission control systems.

Approach

* Identify the most promising technologies for very low emissions.

* Choose technologies that are very "aggressive" and coordinate well with other on-going efforts.

¢ (Obtain components to build an experimental powertrain with integrated emissions controls.

* Perform experiments to examine system performance and to demonstrate low emissions.

Accomplishments

¢ Obtained and installed an engine: Cummins ISB 5.9-L, in-line 6-cylinder engine, inter-cooled with
special EGR and fueling system for low emissions.
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* (Obtained and installed emission control systems: Johnson Matthey continuously regenerated trap
(CRT), and selective catalytic reduction (SCR) catalyst with urea spray system.

* Performed a series of experiments to detail performance of the integrated system, using a low-sulfur

fuel.

* Quantified the low-emissions capability of the tested powertrain (0.34-0.53 g/hp-h NO_, 0.01-0.02 g/

hp-h PM).

Future Directions

* Focus efforts on continued optimization of integrated system

- Calibrate/control engine to raise exhaust temperature

- Reduce idle contribution to NO,_

- Improve NO/NO, ratio

¢ Work with catalyst suppliers for better low-temperature performance

* Investigate full transient performance

* Evaluate PM constituents and unregulated emissions in more detail

Introduction

A research, development and demonstration
effort known as the near-Zero Regulated Emissions
(ZRE) powertrain feasibility study is ongoing at
ORNL to explore how clean a diesel powertrain can
be. The objective is to demonstrate that a modern,
low-emission engine utilizing high quality diesel fuel
or alternative fuel, combined with "aggressive"
exhaust emission control technology can serve as a
near-zero emissions powertrain. One major goal of
this effort is to go well beyond characterizing the
individual components or sub-systems such as the
engine, EGR system, PM filter, SCR catalyst, etc., by
exploring the interactions between the components
and learning how to control and optimize the entire
powertrain.

Approach

To obtain very low engine-out emissions, it was
determined that an advanced diesel engine designed
for low emissions with features such as electronically
controlled fuel systems and cooled EGR would be
most appropriate. A special ultra-low sulfur (3 ppm
sulfur) fuel was used to enhance engine-out emission
control and to aid emission control system function.
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A review of diesel particulate filter technologies
and NO, removal technologies explored the
following:

PM reduction technologies

1) special CI fuels, advanced fuel injection and
combustion,

2) catalytic traps,

3) NO, oxidant - trap systems,

4) trap + catalytic fuel additive,

NO,_ removal technologies

1) various EGR schemes,

2) urea-to-ammonia based SCR systems,

3) regenerating traps with HC reductant (many
developers).

Multiple promising approaches are being
pursued to develop potential products for future
diesel engine transportation applications. More than
one regenerating particulate trap technology is seen
to work relatively well and to be at the verge of
commercialization. The emission control
technologies for removing NO, appear further from
commercialization for vehicle application, but are
apparently quite effective under more controlled
testing conditions.
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Coordinating engine and exhaust emission
control device technologies to minimize emissions is
a main focus of this work. The new EPA emission
standards for 2007 (0.2 g/hp-h NO, and 0.01 g/hp-h
PM) for on-road heavy-duty engines were adopted to
be the emissions goal of this effort. Future
demonstration of emissions levels less than the 2007
standards with a minimum of N,O and NH,
emissions is now a target. Exposing the technical
barriers to reaching this target is also an important
goal.

Initial System Configuration

The first such system to be studied (Figure 1)
features a 1999 Cummins ISB 5.9-L engine (6
cylinder, 24 valve) with advanced cooled-EGR and
electronic fuel injection systems. The emission
control system includes a continuously regenerating
particulate trap in combination with a urea-based
selective catalytic reduction system (for NO,
removal). An ultra-low sulfur fuel has been used in
testing to date. Consideration will be given to using
a low sulfur lubricating oil and other engines and
emission control components (such as a NO,
absorber system) as the work progresses.

Preliminary Results

Characterization of the engine-out emissions and
the capabilities of the emission control components
has been examined using the AVL 8-mode test. This
test consists of 8 steady-state operating points. The
measured emission results are weighted in a specific
fashion to estimate the results of the Heavy-Duty
Transient Federal Test Procedure (HDFTP). Engine-
out results were close to 2.5 g/hp-h NO, and 0.08 g/
hp-h PM. Tailpipe-out results of 0.4 g/hp-h NO, and
<0.01 g/hp-h PM have been obtained using the ultra-
low sulfur fuel. The progress toward the 2007+
heavy duty standard is shown in Figure 2. It should
be noted that the AVL 8-mode results presented here
are believed to give somewhat optimistic (low)
values for tailpipe-out NO, emissions (the SCR
catalyst temperatures are generally more optimal for
the AVL test modes than would actually be realized
in the HDFTP).

A small but measurable quantity of PM traceable
to injected urea was observed, particularly when the
exhaust temperature was near 250°C. Evidence to
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Figure 1. Schematic Representation of the Current
Experimental near-Zero Emissions Drivetrain
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Figure 2. Significant Reductions in NO, & PM
Accomplished with Coordinated Engine
Control and Exhaust Emission Control

date points to some urea depositing on the PM
collection filters and also to higher molecular weight
constituents formed from the decomposition
products of urea. Further investigation of this
phenomena is planned.

Conclusions

Experiments completed to date show clearly that the
current low emission integrated powertrain comes
close to meeting the 2007+ emission standard for PM
but is unable to meet this standard for NO,. A major
barrier is the inability to control NO, to low levels
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Figure 3. Idle NO, alone is greater than 75% of the
2007+ HD standard.

when the engine exhaust and SCR catalyst
temperatures are in the 100-280°C range. This is
illustrated by Figure 3, which shows that the NO,
emission from idle (mode 1 in the figure) alone is
more than 75% of the 2007+ regulation (0.2 g/hp-h
NO,). The SCR catalyst was also at relatively low
temperatures during test modes 2 and 5.
Development of new SCR catalysts with improved
NO, conversion capabilities for the 100-280°C
temperature range is seen as a key to meeting the 0.2
g/hp-h NO, regulation. Such improvements
combined with engine technology and controls
which increase low-load exhaust temperature while
keeping engine-out NO, low appear as possible
solutions.

Control of emissions under certain transient
conditions (due to lack of adequate closed loop
control at this time) while avoiding significant NH,
break-through will be quite challenging. Future
experimentation using transient test capabilities at
the National Transportation Research Center
(NTRC) are planned to build on the AVL 8-Mode
results.
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III. NO, CATALYSTS AND SENSORS

A. Catalytic Reduction of NO_ Emissions for Lean-Burn Engine Technology
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Kevin C. Ott

Los Alamos National Laboratory

Chemistry Division
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(505) 667-4600, fax: (505) 667-3314, e-mail: kcott@lanl.gov

Contractor: Los Alamos National Laboratory, Los Alamos, New Mexico
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CRADA Partner: Low Emission Technologies Research and Development Partnership (Member
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Power Train Engineering
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800 Chrysler Drive, Auburn Hills, MI 48326-2757
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This project addresses the following OTT R&D Plan barriers and tasks:

Barriers
A. NO, Emissions
C. Cost

Tasks

4c. Selective Catalytic Reduction Catalysts

Objectives

* Develop new catalyst technology to enable CIDI engines to meet EPA Tier II emission standards with
minimal impact on fuel economy.

Approach

* Discover and develop new catalyst materials for reducing NO, emissions in lean-burn exhaust
environments by more than 90% in the 200 to 400°C temperature range using ammonia as a reductant.
Materials for study include:

- Hydrous Metal Oxide (HMO) or other oxide-supported catalysts
- Microporous materials-supported catalysts, including zeolites

¢ Evaluate new catalyst materials in both bulk powder and monolith forms. Include short-term durability
testing under hydrothermal conditions and in the presence of SO,.

* Scale up synthesis and processing of promising catalyst formulations to enable fabrication of
prototype catalytic converters for CIDI engine dynamometer testing.

* Transfer most promising catalyst formulations and processes to Low Emission Technologies Research
and Development Partnership (LEP) CRADA partners.

Accomplishments
¢ Extended all current National Laboratory/LEP CRADAs into the FY01-03 time frame.

* LEP has defined a simulated medium-duty CIDI engine exhaust gas composition and test conditions
for ammonia selective catalytic reduction (SCR), in addition to developing a staged catalyst
acceptance criteria.

* Benchmark ammonia SCR catalysts have been obtained from suppliers.

* LANL filed final patent application for Ferrierite (FER)-supported metal catalysts and their use for
lean NO, catalysis.

* LANL and SNL transitioned reactor systems to facilitate catalyst testing for SCR of NO, via NH,.
This included the installation of new photoacoustic and/or Fourier Transform-Infrared (FTIR)
detection equipment.

* LANL further characterized hysteresis effects for zeolite catalysts using hydrocarbon reductants.
Results indicated a potential ‘fatal’ flaw for zeolite catalysts for this reaction.

* LANL gave two technical papers on competitive adsorption and reaction studies and the catalytic
hysteresis of zeolite-based lean NO, catalysts. SNL presented an additional three papers on
hydrocarbon or ammonia SCR catalysts.
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* LANL prepared 30 new microporous catalyst compositions and tested 80 catalyst compositions during
the past year; more than 900 catalysts are now in the LANL lean NO, catalyst library.

¢ ORNL completed extensive microstructural characterization of SNL hydrocarbon SCR and ammonia
SCR catalysts in powder or monolith core form.

* U.S. Patent issued on SNL Pt-CuO/HTO:Si catalyst materials with lower light-off temperature and
wider temperature window for lean-burn NO, reduction via hydrocarbons.

*  SNL has synthesized ~100 new catalyst formulations for testing via ammonia SCR, and ~200 test runs
have been completed in the reactor unit. Preliminary efforts at monolith core fabrication with
experimental catalyst formulations have been successful. Short term durability and SO, aging
experiments have also been initiated in conjunction with the staged catalyst acceptance criteria

designed by the LEP.

* SNL initiated process variable studies with experimental and benchmark ammonia SCR catalysts.
Major effects were identified for the NO:NO, ratio, NH,:NO, ratio, O, concentration, and the presence

of hydrocarbons in the exhaust gas feed.

Future Directions

* Synthesize, characterize, and test new catalyst compositions as ammonia SCR catalysts.

* Determine if competitive adsorption issues will impact applicability of catalysts, and other porous

catalysts, as ammonia SCR catalysts.

* Continue SCR process variable studies as needed to aid catalyst development, process definition, and

overall emissions control system integration.

¢ Continue to examine the effects of low concentrations of hydrocarbons on ammonia SCR catalysts.
Determine the possible effects of particulate matter (PM) or SO, on the NO, reduction performance of

ammonia SCR catalysts.

*  Continue short-term hydrothermal stability and SO, durability testing using LEP-defined acceptance

criteria.

*  Understand ammonia storage issues on catalyst/washcoats and the performance of these materials in
transient environments, including effects on ammonia feed and slip.

*  Continue microstructural analysis of new LANL and SNL catalysts at ORNL.

Introduction

This multi-partner effort has been continued
under OAAT sponsorship and involves separate
CRADAs s between three national laboratories (Los
Alamos National Laboratory [LANL], Oak Ridge
National Laboratory [ORNL], and Sandia National
Laboratories [SNL]) and the Low Emission
Technologies Research and Development Partnership
(LEP, composed of DaimlerChrysler Corporation,
Ford Motor Company, and General Motors
Corporation). Each of these CRADAs was recently
extended through 2003. The project addresses
reduction of CIDI engine NO, emissions using
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exhaust emission control devices — identified as one
of the key enabling technologies for CIDI engine
success. The overall CRADA efforts are focused on
the development and evaluation of new catalyst
materials for reducing NO, emissions, specifically
targeting the selection of appropriate catalyst
materials to meet the exhaust emission control needs
of light- and medium-duty diesel engines.

This year we completed our program transition
toward the selective catalytic reduction (SCR) of
NO, by urea (or ammonia) as a more efficient NO,
reduction option for lean-burn exhaust emission
control. Infrastructure issues notwithstanding, this
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process has the greatest potential to successfully
attain the >90% NO, reduction required for light-
duty CIDI engines to meet the new EPA Tier II
emission standards scheduled to be phased in starting
in 2004.

LEP Efforts

Our automaker partners have been instrumental
in developing standards for simulated exhaust gas
compositions to be used in laboratory bench units for
standard tests, short term durability tests, and SO,/
SO, aging experiments. These exhaust gas
compositions were designed to simulate medium-
duty CIDI engine exhaust, assuming that an
oxidation catalyst is placed upstream of the SCR
catalyst. The main purposes of the upstream
oxidation catalyst are to remove hydrocarbons from
the exhaust and to convert nominally one half of the
NO in the native exhaust to NO,. Both of these
features benefit SCR catalyst performance, as will be
described later. The various exhaust gas
compositions defined by the LEP are shown below in
Table 1. Note that NH, and SO, are never combined
in the simulated exhaust gas composition in order to
avoid significant plugging problems associated with
(NH,),SO, formation. These problems are not
currently being addressed in our project, although we
plan to investigate potential solutions in the future.

In addition to this work, a staged catalyst
acceptance protocol has been proposed by our
automaker partners to aid catalyst screening and
development efforts at the national laboratories (see
Table 2). The purpose of the staged catalyst
acceptance protocol shown below is to ensure that
aggressive catalyst development and characterization
is pursued only for promising catalyst formulations.
Conversely, such efforts should not be wasted on
catalyst formulations that fail to meet the acceptance
criteria.

The overall project goal for NO, conversion (to
N,) is >90% over a temperature range from 200 to
400°C. The first primary decision point in the
acceptance protocol is to determine if a particular
fresh (degreened) catalyst in bulk powder form meets
this goal. If this criterion is met, then it is necessary
to determine the contribution of NO, adsorption
relative to steady-state catalytic activity.

FY 2001 Progress Report

Standard SO, Aging
Feed*

Temperature (°C) 400-110 400-110
NO (ppm) 175 175
NO, (ppm) 175 175
NH, (ppm) 350 0

0, (%) 14 14
CO, (%) 5.0 5.0
H,O (%) 4.6 4.6
SO, (ppm) 0 20
Space Velocity (cc/cc™) 30,000 30,000

* Used for both standard catalyst testing and for short term
durability experiments.

Table 1. LEP-Defined Exhaust Gas Compositions
Simulating Medium-Duty CIDI Exhaust
(Assuming the Presence of an Oxidation Catalyst
Placed Upstream of the SCR Catalyst).

Primary
Stage of Testing | DCCISION | Additional Test(s)
Matrix Point
Fresh (Degreened) | Standard | NO, Activity w/o NH,
Catalyst Activity (Deconvolute
Test Adsorption Issues)
Short-Term
Durability (Hydro- | 609°C for | 700°C for | 800°C for
thermal Aglng) m 16 h 16 h 16 h
Full Exhaust Gas
Mix (No SO,)
SO,/SO, Aging in | 350°C for | 350°C for | 350°C for
Full Exhaust Gas 24 h additional | additional
Mix (No NH,) 24 h 24 h

Table 2. Staged Catalyst Acceptance Protocol Defined by
the LEP

Short-term durability testing is then performed;
separate catalyst samples are aged hydrothermally
ina full exhaust gas mix stream (except no SO, is
used, see Table 1) for 16 h at 600, 700, and 800°C.
Catalyst test data following the 600°C/16h
hydrothermal aging are used as the second primary
decision point; if the catalyst still continues to reach
>90% NO, conversion from 200 to 400°C, it is
identified as worthy of additional development and
testing efforts. Hydrothermal testing at 700 and
800°C allows for the extraction of an activation
energy for catalyst deactivation.
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The next step is SO, and SO, (generated in situ
using an upstream oxidation catalyst) aging. SO,/
SO, aging is performed at a nominal exhaust
temperature of 350°C. A concentration of 20 ppm
SO, or SO,, at least an order of magnitude higher
than those expected from fuels meeting future EPA
sulfur standards, is used in the feed in an attempt to
accelerate the aging of the catalyst. Activity tests are
performed after 24, 48, and 72 hours (allowing the
extraction of deactivation kinetics as a function of
time). The test data following the 24-hour aging is
used as the final primary decision point for the stage
acceptance protocol. If at this point the catalyst
continues to meet the >90% NO, conversion from
200 to 400°C goal, the catalyst formulation will then
be fabricated in monolith core form. Additional
testing will be done to determine whether the
monolith forms continue to meet >90% NO,
conversion from 200 to 400°C goal over the staged
acceptance protocol.

Los Alamos National Laboratory Efforts

Over the last several years, LANL’s work has
focused on the development of new and stable
microporous and zeolite-based catalysts for NO,
reduction in lean-burn exhaust environments. This
work has involved the screening of approximately
750-800 catalysts, mainly derived from zeolites or
related crystalline, microporous supports. This work
is complementary to the SNL work on distinct
families of high surface area oxide-supported
catalysts. Through the extensive LANL catalyst
screening, a family of catalysts that have
technologically interesting activity over a broad
temperature range was discovered. A patent
application has been filed on the preparation and use
of these catalysts. As a result of the intense scrutiny
we have given these catalysts, we have uncovered
previously unrecognized water adsorption issues that
may represent a barrier to the applicability of these
materials for transient, mobile applications. As a
result of these findings, the LEP CRADA team has
agreed that a more fundamental understanding of
these adsorption issues is required before moving
ahead with additional catalyst screening of urea (or
ammonia) SCR catalysts. It is critical to understand
whether adsorption issues are a hurdle for zeolite-
based catalysts using ammonia as the reductant, prior
to setting out on an extensive catalyst screening
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effort for urea SCR. The LEP CRADA team felt that
if we could identify such ‘show stoppers’ early on in
the catalyst screening process, we could rapidly shift
to other promising candidates and streamline the
search for catalyst leads that could go on to the
development stage more rapidly.

In response to the decision rendered by the team,
LANL has temporarily postponed its intensive
catalyst screening effort while it focuses more on the
fundamental aspect of low temperature water
adsorption on zeolite catalysts. LANL has obtained
further evidence that low temperature water
adsorption may represent a significant technological
hurdle for microporous catalysts when hydrocarbons
are used as a reductant. These observations represent
a major contribution to the field. The insight it
provides about our future materials selection process
represents a competitive advantage to our CRADA
project.

In FY 2000 the ferrierite (FER) based catalysts
developed at LANL for hydrocarbon SCR were
found to have good hydrothermal stability and good
short term stability in the presence of SO,.
Additional experiments at Ford and at LANL
uncovered the unusual effect that the catalytic
activity was markedly different when increasing the
temperature versus decreasing the temperature of the
catalyst in the presence of 5% steam using
hydrocarbon reductants. Figure 1 (upper graph)
shows that fairly stable activity is observed over 2
hour hold periods during a ramp-down experiment.
This stability indicates that the disappearance of NO,
is due to the catalytic conversion to N, and not due to
NO, storage on the catalyst. In the ramp-up
experiment, significant transient behavior is
observed upon heating from 200-300°C and from
300-400°C. The large transient in NO conversion
upon going from 300-400°C is associated with the
known desorption of water from the pores of the
zeolite, and is thus related to transient NO, storage
on the catalyst that then saturates in 20-30 min before
returning to steady-state catalytic conversion of NO,.
The steady-state conversion values plotted in Figure
1 (lower graph) indicate the difference in activity, or
hysteresis, observed between the ramp-up and ramp-
down steady-state catalytic conversion. Based on
these results, the studies of hysteresis in the catalytic
activity and competitive adsorption of various
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Figure 1. Hydrocarbon SCR NO, Conversion Data for a
Co FER Catalyst Tested Using Ramp-up and
Ramp-down Isothermal Profiles in the
Presence of 5% H,O

exhaust gas components have been our focus during
the past year and are described in detail below.

Competitive adsorption refers to two or more
exhaust gas components competing for the same
adsorption sites. If the competition is severe, and a
component is excluded from adsorption because of
the presence of another, this subsequent, sequential
reaction steps can be affected. It is generally thought
that in the mechanism of NO, reduction with
hydrocarbons, NO, must be adsorbed and
subsequently reacted with a hydrocarbon or
hydrocarbon fragment to form a reactive
intermediate that reacts with additional NO, to form
N,. If water outcompetes NO, for adsorption to the
catalytically active site, and NO, conversion depends
on NO, being adsorbed on that site, then the rate of
NO, conversion may be slowed dramatically when
water is in the channels of the zeolite. Such a
scenario is shown schematically in Figure 2.

Because we know that the adsorption and
desorption of water occur at different rates at the
same temperature in zeolites and other microporous
materials (see Figures 3 and 4), we felt that this
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such as metal ions (M), defects, or acid sites
(H") are situated inside of a micropore of
molecular dimension (5.5 angstroms). Below
it is a depiction of a situation of competitive
adsorption, where water molecules effectively
outcompete molecules of NO, for adsorption
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Figure 3. Adsorption of Water and Desorption on a Co
FER Lean NO, Catalyst at 200°C.

hysteresis in water adsorption was related to the
observed catalytic hysteresis. When the catalyst is
cooled from a temperature higher than the desorption
temperature of water, the channel system of the
zeolite is relatively free of water, and the rate of NO_
reduction is high. When the catalyst is taken to a low
enough temperature to saturate the pores with water,
around 200°C, then NO, is excluded from the pores,
and the rate of N, formation is slowed. Upon heating
the catalyst above 200°C, the water is not removed
completely until temperatures in excess of 400°C are
achieved, and so the rate of NO, reduction remains
low. Heating the catalyst to temperatures in excess
of 400°C then removes the water, and upon cooling,
the activity remains high. Consequently, the
hysteresis loop, such as shown in Figure 1, is
generated. The time required to close the hysteresis
loop, i.e. the time required to attain true steady-state,
is on the order of hours. This reactivity pattern and
response time is obviously problematic for
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applications in which the temperature, and hence the
amount of water in the pore system, vary widely and
rapidly. This hysteresis represents a major hurdle for
the application of microporous materials for lean
NO, catalysis with hydrocarbons as reductants.

In order to address whether similar competitive
adsorption issues might hinder the utility of
microporous catalysts for ammonia SCR, we have
studied the competitive adsorption of water and
ammonia and have preliminary studies on the
influence of water on the reaction rate of ammonia
with NO, at low temperature. We chose a Co FER
catalyst that we had previously characterized in
terms of its water adsorption properties to test for
competitive adsorption with ammonia. The plot of
ammonia adsorption on an initially dry catalyst is
shown on the top graph in Figure 5. It can be seen
that NH; adsorption is slower than water adsorption
(compare to Figure 3). Only a small quantity of
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weakly adsorbed ammonia is removed via dry He
purging, and then adsorption and desorption (via He
purging) of water results in the loss of little, if any, of
the ammonia. Therefore, water does not displace
ammonia under these conditions. Competitive
coadsorption of water and ammonia is shown on the
bottom graph of Figure 5. Water is adsorbed more
rapidly than the ammonia, but ammonia eventually
displaces the water. These results indicate that the
competitive adsorption of water and ammonia should
not be a problem when using such catalysts for NH,

SCR.

Next, we examined whether a fully NH,
saturated catalyst would react with NO, in the
presence of water. We saturated the catalyst with
ammonia, and then started a flow of NO, through the
catalyst held at 200°C. Figure 6 compares the results
in the absence of water (1040 ppm NO,
concentration) with those in the presence of water
vapor (500 ppm NO, concentration). In the latter
case, the NO, was diluted by a factor of ~2x by the
introduction of water vapor. The initial increase in
weight upon introduction of the NO,/H,O blend is
due to the adsorption of water vapor. Switching to a
dry He purge at the end of the runs desorbs weakly
bound NO,. The data indicate that the rate of NO,
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Figure 6. NO, Adsorption and Reaction on Co FER
Measured With and Without the Presence of
H,0 at 200°C.

reduction is similar for both cases when the
difference in concentration is accounted for. These
results also suggest that in contrast to the
hydrocarbon SCR reaction, the NH, SCR reactions
over microporous catalysts may not be susceptible to
low temperature competitive adsorption of water
issues that could reduce the rate of N, formation.

These results lead us to believe that zeolite and
other microporous catalysts are indeed viable
candidates as NH, SCR catalysts, and therefore we
will continue our screening activities on these types
of materials and other microporous materials in
earnest during the remainder of this fiscal year. The
insights these studies have given us will allow the
CRADA project to more rapidly assess potential
candidates in the future and address competitive
adsorption issues early on in the catalyst screening
process.

There is still more work to be done in examining
competitive adsorption issues on all catalyst types, as
the role of adsorption of SO, versus catalyst
poisoning by sulfur needs better definition and
assessment in order to be better addressed by our
screening protocols in the future. Also, the
adsorption of hydrocarbons on NH; SCR catalysts
has been said to be deleterious to activity (see SNL
Efforts Section). This effect needs to be quantified
and accounted for in the LEP CRADA team’s
catalyst screening activities.

Oak Ridge National Laboratory Efforts

ORNL’s continuing role in this project has been
to provide characterization of catalyst performance,
both in bench scale reactor testing and in an engine
laboratory, in addition to microstructure
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characterization of catalysts using electron
microscopy.

Over the past year, significant microstructural
characterization efforts have been performed related
to SNL catalyst formulations, both for hydrocarbon
SCR and for ammonia SCR applications. For
hydrocarbon SCR, Pt-CuO/HTO:Si catalysts in
monolith core form were evaluated using
transmission electron microscopy to determine the
location of the Pt and CuO phases. These efforts
were tied to other activity and characterization
studies used to understand the behavior of these
materials, which were recently patented (U.S. Patent
No. 6,165,934, December 26, 2000). Z Contrast
Scanning Transmission Electron Microscopy
(STEM) imaging studies showed evidence of Pt
particles dispersed throughout the washcoat (both
Al,0O, and HTO:Si phases), although a greater
density of Pt particles and smaller Pt particles were
associated with the HTO:Si phase. Elemental
mapping determined that the CuO phase was located
throughout the washcoat (both Al,O, and HTO:Si
phases) but was significantly enhanced at Pt
particles. SO, aging experiments at 600°C showed
no significant change in the location of the CuO
phase relative to the Pt, although small Pt particles
were consumed due to sintering/agglomeration
phenomena, resulting in a significant increase in Pt
particle size. Combined with other characterization
efforts, these microstructural studies helped
determine the nature of the CuO phase and the
location/interaction between the Pt and CuO phases.

Microstructural studies were also performed on
ammonia SCR catalyst formulations. Two samples
were selected as illustrative of the ORNL
microstructural characterization capabilities: WO, or
V, 0, dispersed on a commercial TiO, support
(Degussa P25 TiO,). These are very common phases
associated with commercial ammonia SCR catalysts
for NO, reduction in stationary source applications.
The nature of the dispersion of these phases on the
TiO, support allows different microscopy techniques
to be utilized to benefit characterization efforts.
Figure 7 shows the dispersion of small (~1 nm
diameter) WO, clusters on the TiO, support via Z
Contrast STEM imaging. Vanadia (V,0;) disperses
on the TiO, support in a different manner, as shown
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Figure 7. Z Contrast STEM Image of a WO, Phase
(Brighter Clusters) Dispersed on TiO, Support
Particles.

Figure 8. Bright Field STEM Image of a V,0, Phase
Dispersed on TiO, Support Particles.

by the high resolution bright field STEM image in
Figure 8. In this case, the vanadia uniformly wets the
TiO, support particles, forming a thin (4 nm thick)
surface phase. These results demonstrate the power
of these electron microscopy techniques to determine
the nature and location of various active and
promoter phases in catalyst materials. This
information can help guide catalyst development
efforts designed to optimize catalyst performance.

Sandia National Laboratories Efforts

Over the past year, we rapidly transitioned from
catalyst development for SCR of NO, via
hydrocarbons to SCR of NO, via ammonia. This
transition initially involved modification of our
catalyst reactor unit to include separate NO, NO,,

46

FY 2001 Progress Report

and NH, feed lines, as well as the addition of an on-
line FTIR unit for reactant and product analysis.
Over the last year, approximately 200 catalyst testing
runs have been completed in the test unit with ~100
different catalyst formulations. Short-term durability
studies were initiated in August, 2000; process
variable studies were initiated in November, 2000;
and SO, aging studies were initiated in January,
2001. The majority of these studies were performed
with catalysts in bulk powder form, although we
began to synthesize promising catalysts in monolith
core form in April, 2001. In addition to these
milestones, supplier benchmark catalyst formulations
(monolith form) were first received and tested in
October, 2000; additional supplier catalyst receipt
and testing is on-going.

Table 3 shows the numbers of catalysts that have
advanced through different stages of the testing
matrix defined in Table 2. These numbers represent
the testing of experimental bulk catalyst powders and
do not include supplier benchmark catalysts
(monolith core form). It is important to note that
demands on reactor time, especially those related to
the various durability and aging protocols, have
required decisions to be made regarding the efficient
reactor unit scheduling. Since our research efforts
are in a relatively early stage, we have chosen to use
more reactor time for fresh catalyst screening
experiments. For this reason, not all of the 13 fresh
catalysts identified as meeting the catalyst
acceptance criteria have completed short term
durability testing and SO, aging. We plan to
complete these studies in the next few months.

Examples of test data for two fresh catalysts
passing the initial acceptance criteria are shown in
Figure 9. One catalyst is a supported vanadia-based
composition, while the other represents a supported
base metal composition. Vanadia-based catalysts
have long been recognized as active catalysts for the
SCR of NO, via NH, in stationary source
applications. Short-term durability and SO, aging
tests with these catalysts show that they have
excellent resistance to deactivation. However, these
commercial vanadia-based catalysts have a severe
disadvantage due to the toxicity of vanadium and the
volatility of vanadia at elevated temperatures. These
problems provide solid motivation for continued
catalyst screening efforts to identify other candidate
materials for SCR of NO, via NH,. Figure 9 shows
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Stage of Testing Matrix Total # of Catalysts
Catalysts | Meeting Activity
Tested Criteria
Fresh (Degreened) Catalyst 88 13
Short Term Durability* 4 3
SO, Aging* 1

* Using primary decision points as defined in Table 2.

Table 3. Summary of SNL Catalyst Development Efforts
to Date With Respect to Staged Catalyst Accep-
tance Criteria Defined by the LEP (See Table 2)
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Figure 9. NO, Conversion Profiles for Fresh Vanadia-

Based and Base Metal Catalysts Dispersed on
Hydrous Metal Oxide (HMO) Supports

an example of an alternate composition that may be
appropriate for meeting mobile source application
requirements. No significant NO, adsorption effects
are present for these catalyst materials; reported NO,
conversions are steady-state values.

We have begun an evaluation of supplier
benchmark catalysts in monolith core form, along
with preliminary efforts to prepare our experimental
catalysts in monolith core form. Examples of fresh
catalyst activity test results are shown below in
Figure 10. All of the catalysts shown below in
Figure 10 show good to excellent SCR activity
between 200 and 400°C. Performance below 200°C
drops off significantly relative to bulk powder
catalysts (see Figure 9); this common problem is
related to the dilution effect of supporting a thin layer
of washcoat on a cordierite monolith structure.
Higher SCR activity in the 150-200°C range is
desireable, especially for light-duty CIDI exhaust
applications. These results are encouraging for
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Figure 10. NO, Conversion Profiles for Fresh Supplier

Benchmark Catalysts, as well as an
Experimental SNL Vanadia-Based Catalyst,
in Monolith Core Form

several reasons. First, similar to the results shown in
Figure 9, several non-vanadia catalyst compositions
are shown to be relatively active in monolith form for
SCR of NO, via NH,. Second, preliminary efforts at
producing a monolith form catalyst at SNL have
proven to be very promising relative to commercial
benchmark materials.

A final component of our studies this past year
has examined the effect of a range of process
variables on the performance of SCR catalysts.
These results will enable us to understand the feed
and process conditions required to optimize catalyst
performance. Table 4 shows the simulated exhaust
gas composition investigated, which includes the
range of variation for several components of the feed.
Also included in the far right hand column is a
summary of the effect of the specific process variable
on the NO, reduction activity over the range of
variation. Most of these tests were performed using
an experimental vanadia-based catalyst (bulk powder
form), but several key process variables (NO:NO,
ratio and SO,) were also investigated using supplier
benchmark catalysts in monolith core form.

Figure 11 shows the NO, conversion profiles
obtained for various mixtures of NO and NO, over an
SNL experimental vanadia-based catalyst (bulk
powder form). The NO:NO, ratio is the most
dominant process variable affecting catalyst
performance. It should be pointed out that nearly all
previous work in the literature regarding SCR of NO,
via NH; has involved only NO since it is the
predominant NO, species present in high temperature
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Standard | Range of

Feed | Variation| gerect

Temperature (°C) 400-110 | 400-110 | NA
NO (ppm) 175 175 Major
NO, (ppm) 175 175 Major
NH, (ppm) 350 | 280-350 | Major
0, (%) 14 14 Major*
HC (C1):NO, 0 0-4 Major

CO, (%) 5.0 5.0 NA
H,0 (%) 4.6 0-4.6 Minor
SO, (ppm) 0 0-20 TBD
Space Velocity (cc/cc™)| 30,000 | 30,000- | Minor

45,000

Table 4. Process Variable Ranges and Their Qualitative
Effect on SCR Catalyst Performance
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Figure 11. NO, conversion profiles obtained for an SNL
experimental vanadia-based catalyst using
different NO:NO, ratios in the simulated
exhaust gas composition. In all cases the total
NO, (NO + NO,) was 350 ppm.

combustion environments [1-3]. As shown in Figure
11, reasonable NO, reduction performance (~50%
NO, conversion at 150°C) is obtained for pure NO
feeds. A pure NO, feed results in poor NO,
conversion performance, especially at low to
intermediate temperatures (< 300°C). Mixtures of
NO and NO, generally show improved performance
relative to the single component feeds; significant
improvement is observed at both low (< 200°C) and
high (400°C) temperatures used in the catalyst test
procedure. This result is important because it shows
that significant synergism between NO and NO,
species can improve SCR catalyst performance.
These results are not specific to vanadia-based
catalysts; very similar results were obtained using
supplier benchmark catalysts containing various base
metal active phases as well [4]. Because CIDI
engine-out exhaust is NO-rich, increasing the NO,
content of the exhaust stream would require the use
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of an oxidation catalyst upstream of the SCR
catalyst.

These results are in agreement with recent work
published by Koebel et al. [5] that has shown that
equimolar concentrations of NO and NO, can be
beneficial to SCR catalyst performance, particularly
at low temperature. There are two reasons proposed
for this benefit. First, a fast SCR reaction may take
place in which NO,, rather than O,, serves as the
oxidizing agent that regenerates the active metal site.
This reaction is considered fast relative to the
traditional SCR reaction involving NH,, NO, and O,.
Second, at low temperatures, nitrous acid, produced
as a by-product of the oxidative regeneration step
using NO,, can react with NH, to form an adsorbed
ammonium nitrite species, which rapidly
decomposes to N, and H,O at low temperatures.

Several other process variables identified in
Table 4 had major effects on catalyst performance.
As expected, the NO, conversion scales almost
directly with the NH,:NO, ratio. Care must be taken
to provide enough NH, to maximize NO, conversion
without undesireable NH, slip or additional NO,
generation at high temperature due to NH,
combustion. NH; adsorption and desorption
phenomena associated with the catalyst composition
(including the entire washcoat formulation) must be
understood to predict the behavior of these materials
in transient environments associated with vehicle
applications.

The O, content of the exhaust stream can have a
major effect on the performance of the SCR catalyst,
depending on the NO:NO, ratio. In equimolar
mixtures of NO and NO,, removal of O, from the
exhaust stream has little effect on SCR catalyst
performance since NO, is used to reoxidize redox
sites in the active catalyst phase. However, in pure
NO feeds, removal of O, from the feed dramatically
retards the SCR catalyst performance since no
oxidant is available for regenerating these redox
sites. These results are relevant to real exhaust
applications, where air:fuel ratio variations might be
utilized for various needs such as increased power or
perhaps regenerative procedures that require
reducing environments for other emissions control
components (e.g., PM traps or NO, adsorber/
catalysts).
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A final major effect was identified in the case of
the presence of hydrocarbons in the SCR catalyst
reaction environment. A total HC (as C1):NO, ratio
of 4:1 (3:1 mixture of n-octane:propylene) was used
for these tests. The presence of hydrocarbons was
found to severely retard the NO, reduction activity of
the SCR catalyst. Also, the detrimental effect of the
hydrocarbons was not found to be immediately
reversible. These results are consistent with recent
publications in the literature [6], and point to a
second benefit of having an oxidation catalyst
upstream of the SCR catalyst, i.e., removal of
residual hydrocarbons to protect the SCR catalyst
from deactivation.

Next year we will continue our catalyst screening
efforts to identify non-vanadia SCR catalyst
compositions that meet NO, reduction activity
requirements. Included within these efforts will be
catalyst development efforts to improve promising
formulations with respect to durability and SO,/SO,
aging requirements and efforts to prepare promising
catalyst formulations in monolith core form.
Benchmark catalyst formulations will continue to be
obtained from catalyst suppliers and evaluated
relative to experimental formulations.
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B. Development of a Fuel Processing Reactor for Onboard Reductant Generation

Rod Borup (Primary Contact), Michael Inbody, Byron Morton, Lee Perry and Jerry Parkinson
ESA-EPE, MS J580

PO. Box 1663

Los Alamos National Laboratory

Los Alamos, NM 87545

(505) 667-2823, fax: (505) 665-6173, e-mail: Borup@lanl.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

Tasks

4a. NO, Adsorber R&D

4d. Advanced NO, Reducing Systems

4e. R&D on NO, Reducing Technologies

Objectives

* Develop a fuel processing reactor for onboard generation of reductants for NO, exhaust treatment
systems

- Quantify fuel processor operation and outlet compositions of reductants

- Show proof of concept that onboard production of reductants is a viable approach for NO_
reduction

- Optimize fuel processor outlet composition for NO, reductant formation

Approach
* Examine fuel processing options for reductant formation
- Identify operating conditions conducive for onboard reductant formation
- Design reformer for applicable fuel chemistry and reductant quantity for testing
- Examine individual fuel components, mainly diesel fuel components in fuel reformers
- Test fuel components with operating conditions favorable for onboard reforming
- Examine carbon formation in fuel reformer
* Model fuel reforming chemistry
- Model carbon formation
- Model equilibrium gas compositions

- Model thermodynamic properties
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* Identified various operating conditions that affect reductant formation

- Power (quantity of reductant)

- Oxidant (oxygen concentration in engine exhaust)

- System integration for fuel processor formation of NO, reductants

* Designed and tested diesel and gasoline reformers under conditions expected for NO, reduction

¢ Tested pure diesel components and kerosene
* Examined fuels effects with:
- Catalytic oxidation

- Monitoring of oxidation conversion

- Gasoline and diesel fuel components (dodecane, hexadecane)

- Kerosene

*  Modelled fuel and fuel component chemistry

- Carbon formation conditions

- Equilibrium gas compositions

Future Directions

¢ Evaluate thermal losses of small fuel reformers

*  Obtain proof of reformate reduction of NO, with Lean NO, catalysts

*  Obtain proof of reformate regeneration of NO, adsorbers

- Measure carbon formation in sifu with an adiabatic reactor and laser scattering

- Map carbon formation onset for component/component blends as a function of operating

conditions

¢ Define catalyst requirements for durability

Introduction

The technology being developed uses partial
oxidation and steam reforming of onboard fuel
(either gasoline or diesel) to produce chemical
reductants such as H,, CO and small unsaturated
hydrocarbons such as ethylene (C,H,) and propene
(C;Hy) which are known to catalyze the reduction of
NO, and are known to regenerate NO, adsorbers.
The onboard production of these reductants and
subsequent addition to the exhaust would enable NO,
reduction by either lean NO, reductant catalysts or
regeneration reductants for NO, adsorbers (see
Figure 1). This valuable emissions control
technology would be consumer friendly, as
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Figure 1. Sample Schematic of NO, Regeneration by
the Onboard Formation of Reductants.

maintenance is not required, and off-board refueling
of a reductant such as ammonia is also not required.

The requirements for reductant formation have
been examined, including operating conditions for
onboard fuel reforming. Fuel reformers have been
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designed and constructed for the production of NO,
reductants. Initial testing to generate NO, reductants
from diesel fuel has been made. Diesel fuel
components have been tested, with gas analysis
techniques employed to determine the reformate
composition. The reformate composition has been
used to estimate the potential fuel penalty for such a
NO, reduction system.

Approach

Fuel partial oxidation and reforming is
technology being explored for onboard production of
hydrogen for applications such as fuel cells. For the
chemical conversion of fuel hydrocarbons, air is Figure 2. Catalytic Partial Oxidation with Facilities for
combusted with fuel, typically over a catalyst to Laser Extinction and Scattering
produce hydrogen and carbon monoxide. Equation 1 Measurements with Catalyst Observation
shows the partial oxidation of a generic hydrocarbon
for an air stoichiometry exactly correct (O/C = 1) for
the production of hydrogen and carbon monoxide.

| Reference Beam x

from engine exhaust. Initial operating conditions of
the reactor were determined by modeling equilibrium
gas compositions for the expected range of S/C and
C.Hpip) T 02)0, »nCO + (n+)H, (1) O/C.

The relative distribution of the catalytic
conversion has been observed with various fuel
components with different catalyst substrates
(monoliths and reticulated foams). Mapping of the
onset of carbon formation for different fuel
components as a function of operating conditions has
H, . +H, (2) been initiated with these techniques. The reactor

(p-m) 2 with catalyst observation windows, laser extinction,
and scattering facilities is shown in Figure 2.

If the oxygen-fuel ratio is more fuel rich (O/C <
1), unconverted hydrocarbons will be present in the
reformate stream. These hydrocarbons include small
unsaturated hydrocarbons such as ethylene and
propylene.

CHppiny T m2)0, -mCO + C

We have developed partial oxidation (POx)
reactors with the supporting test equipment to test the
feasibility of generating reductants from fuel
onboard a vehicle for the reduction of NO,
emissions. The reactor reacts fuel with air (or
simulated engine exhaust) in a fuel-rich mixture to
generate a gas stream containing H,, CO, CO,, N,,
and small hydrocarbons. One of our research
reactors has optical access windows for analysis of

For onboard formation of NO, reductants, it is
expected that special operating conditions are
required, such as low oxygen and steam content in
the oxidant, low pressure — slightly above ambient,
and low fuel throughput — approximately 1 kW LHV
fuel. A reactor has been designed and constructed to
operate under these conditions and is shown in

ks Figure 3.
the effluent stream by a laser to observe conditions
under which carbon formation occurs. Carbon Expected outlet concentrations of the fuel
formation is an important consideration of operation, reformer, as well as the relative fuel component
as it will inhibit durablhty of the system. This work effects on the fuel reformer outlet have been
varies operating conditions to map the outlet gas modeled. In particular, modeling of equilibrium
composition as a function of operating conditions carbon formation has been used to predict the
and allows for subsequent optimization of the Operating conditions for the onset of carbon
production of the desired reductants. Carbon formation for various fuel blends.

formation is monitored as a function of fuel
component and operating condition. The oxidant
feed is simulated for operation from ambient air and
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Figure 3. Fuel Reformer for Reductant Formation at
Low Pressure and Low Fuel Throughputs
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for Various Fuels and Conditions

Figure 4.

Results

The reforming of diesel fuel components
indicates that higher residence times are required for
similar conversion compared to that of gasoline
components. In addition, sulfur poisoning has been
shown to greatly inhibit non-noble metal catalysts
such as nickel. Diesel fuel components have more
stringent requirements to prevent equilibrium carbon
formation conditions. Figure 4 shows the results of
modeling the onset of carbon formation for different
fuels and operating conditions to compare with the
experimental measurements. Diesel fuel components
showing higher temperatures are required to prevent
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Figure 5. Outlet Concentration Comparison for Iso-
Octane, [so-Octane/Xylene and Dodecane for
the Same Oxygen Conversion

% Species Concentration GC Gas Analyzers
H2 12.2

N2 64.3

02 0.83 0.6
(0[0) 15.5 16.4
CH4 1.29

CcO2 4.78 4.5
C2H4 0.98

C2H6 0.056

C3H6 0.048

C3HS8 0.0048

>C4 0.051

Table 1. Outlet concentrations of fuel reforming for
dodecane as fuel. Operating conditions were:
Residence Time = 43 msec, O/C=1.2, S/C =
1.9,P=15psig, T,, =470 °Cand T, =830 °C.

carbon formation, with relative S/C ratio having a
dramatic impact on the carbon formation
temperature.

Partial oxidation outlet concentrations of H, +
CO are shown for similar fuel conversions for
different fuels in a reactor in Figure 5. These results
show that as the hydrocarbon chain length is
increased, higher O/C ratios are required to get
similar fuel conversion in the reactor. Some typical
outlet concentrations are shown in Table 1 for the
reforming of dodecane.

Based upon the preliminary findings from
dodecane reforming, and a reductant stoichiometry
of 2.0 with 250 ppm NO engine, a fuel penalty of
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Adiabatic Reformer Modeling has shown that fuel effects on the

0, Temp. Rise Exhaust Temp. temperature for equilibrium onset of carbon

% o0 °C formation can vary up to150°C with Varying o/C .
oh 729 989 ratios, and the reformer temperature most likely will

need to be kept above 700°C for low S/C reactor

17 690 890 feeds. Stoichiometric calculations indicate that the
15 639 839 fuel penalty for fuel reformate reduction of NO,
12.5 570 770 could be between 1 and 2 % of fuel.

Table 2. Adiabatic and Expected Outlet Temperatures
from a Reformer with Oxidant Feeds at Low
Concentrations Simulating Engine Exhaust

between 1.0 and 2.0 % is calculated to reduce the
NO,. These calculations are based on stoichiometric
reduction of NO,, such as propene reducing NO, as
in eqn. 3, or by H, and CO regeneration of a NO,
adsorber chemically. However, these calculations
are preliminary, and it remains to be demonstrated
that reformate either makes a suitable NO, reductant
or adsorbent regenerator.

9NO + C,H, — 9/2N, +3CO, +3H,0 (3)

For operation onboard a vehicle, the most likely
source of oxidant will be the engine exhaust. Typical
lean-burn and diesel engines operate lean and, thus,
have significant amounts of oxygen present.
However, the oxygen is depleted compared with air;
thus the adiabatic temperature rise of a reformer will
be lower than with operation with comparable air.
Adiabatic and expected outlet temperatures (for
engine exhaust at 200°C) from a reformer with
oxidant feeds at low concentrations to simulate
engine exhaust are shown in Table 2. To achieve
temperatures required for the prevention of carbon
with low oxygen concentration engine exhaust,
higher O/C ratios will be required than what are
normally used for partial oxidation.

Conclusions

Various fuel components and fuels have been
tested with various O/C and S/C ratios in catalytic
fuel reformer reactors. The outlet gas composition
has been measured to help determine optimum
operating conditions for these reactors. Diesel fuel
components (such as dodecane) have been found to
require higher residence times for similar
conversions than comparable gasoline components.

55



Combustion and Emission Control for Advanced CIDI Engines FY 2001 Progress Report

C. NO, Control and Measurement Technology for Heavy-Duty Diesel Engines
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

C. Cost

Tasks

4. NO, Control Device R&D

4d. Advanced NO, Reducing Systems

Objectives

* Advance the development of NO, aftertreatment systems for diesel engines by quantifying their
detailed chemical processes to identify barriers and improvement strategies.

Approach

* Develop advanced measurement capabilities to elucidate relevant aspects of NO, emission control
device performance with improved resolution and/or sensitivity.

¢ Apply the Spatially Resolved Capillary Inlet Mass Spectrometer (SpaciMS) to investigation of gas-
phase species dynamics, including NO, slip and desorption and reductant reforming, using bench-scale
and full-scale devices.

* Apply Diffuse Reflectance mid-Infrared Fourier Transform (DRIFT) and Raman spectroscopy to
characterize surface chemistry including surface nitrogen, sulfur, carbonate and hydroxyl effects on
storage, poisoning, passivation and enhancement dynamics.
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* Applied SpaciMS to two full-scale, candidate-production NO, -adsorber devices and acquired data
relevant to device improvement and optimization and model validation and development.

- Identified regions of fuel reforming, NO, storage, and inactivity within the devices.

- Quantified NO,-adsorption profiles throughout the devices with and without sulfur poisoning.

¢ Applied both DRIFT and Raman spectroscopies to observe nitrate and sulfate adsorption/desorption

on a model NO, adsorber catalyst.

Future Direction

*  Apply the SpaciMS to better understand advanced NO, emission control devices and sulfur-trap

formulations and processes.

¢ Apply DRIFT and Raman to quantify the performance of species for regenerating NO, adsorbers and
the effects of H,0O, CO, and other ancillary species on NO, adsorber performance.

Introduction

NO, -adsorber catalysts provide a promising
approach for emissions reduction in the fuel-lean
environment of diesel engine exhaust. NO_ -adsorber
systems have a finite capacity to store NO, emissions
by forming surface nitrogen species at active catalyst
sites. These systems are periodically regenerated to
restore capacity by injecting pulses of reductant,
which causes the stored NO, to be desorbed and
reduced, ideally to H,0O, CO,, and N,. Diesel fuel is a
convenient reductant, but it requires reforming to
produce secondary species such as H, and CO that
are believed to be more efficient reductants. In-
cylinder injection of diesel fuel via a late injection
and in-pipe injection are the most common ways of
introducing a reductant.

High-speed instruments capable of temporally
resolving the transient emissions associated with the
dynamic NO, adsorber process are required to
develop and optimize these promising emission
control strategies. Minimally or non-invasive
diagnostics might allow for intra-channel probing of
the catalyst chemistry to quantify the axial
distribution of participating species, NO, loading,
reductant reforming, sulfur poisoning and
desulfation. Such information is critical to
understanding the detailed catalyst chemistry,
identifying rate-limiting steps, specifying device size
and aspect ratio, and optimizing washcoat
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Figure 1. Photograph of the SpaciMS Showing the
Capillary/Multi-port-valve Inlet System,
Ionization Chamber, Quadrupole, Electronics
Unit and Electron-multiplier-output Amplifier

formulation to improve storage, reforming,
regeneration, and sulfur tolerance performance.

Surface diagnostic techniques such as Raman
and DRIFT spectroscopy can be used to elucidate
catalyst mechanisms. Using these techniques in sifu,
it is possible to observe the appearance and
disappearance of surface species during the
adsorption/regeneration processes. Reaction
intermediates and unwanted reaction by-products can
also be observed.

Approach

Figure 1 shows a SpaciMS that has been
developed to provide high-speed, minimally
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Figure 2. Schematic of Geometry Used for SpaciMS

Measurement of Intra-Channel Spatio-
Temporal Catalyst Chemistry Distributions

invasive, intra-catalyst-channel measurements of a
broad range of transient species relevant to the NO,
adsorber process. The instrument uses one or more
capillaries to extract and transport small quantities of
undiluted exhaust to a mass spectrometer, where
single-species measurements are made at rates up to
IMHz. The capillaries are specified to minimize
temporal broadening of transient species during
capillary transport. The SpaciMS head uses electron-
impact ionization, quadrupole mass filtering and
Faraday cup or continuous-dynode electron-
multiplier detection. The SpaciMS is routinely
applied for measurement of total NO,, O,, CO, and
HC fragments indicative of base fuel and reformed
olefin and oxygenate products. High-speed single-
species (i.e., single-ion) scans are temporally aligned
via a trigger (e.g., reductant injection time) to reveal
the detailed phase of the various species transients
within the NO,-adsorber cycle. The instrument is
transportable and has been deployed to several
industrial research labs for secure evaluation of
advanced emission-control systems including NO,
adsorbers and EGR.

We have investigated the viability of the
SpaciMS for real-time measurement of transient
emissions from a NO_-adsorber catalyst operating
with a Cummins 5.9L ISB diesel engine using diesel
fuel injected into the exhaust stream as the catalyst-
regenerating reductant. That work demonstrated the
superior temporal resolution of the SpaciMS for
resolving species transients relevant to the NO., -
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Figure 3. Spatio-temporal NO, distribution in the probed
monolith channel throughout the adsorption-
regeneration cycle. The thickness and spacing
of the two monoliths are indicated.

adsorber process. For instance, the SpaciMS is
capable of resolving and characterizing the
instantaneous depletion of O,, which is necessary to
specify reductant injection quantities. Moreover, the
temporal resolution of the SpaciMS was sufficient to
resolve chemical rate limitations in the desorption-
reduction process. Specifically, the process is
reduction limited in the front of the fuel-rich
regeneration pulse, resulting in an initial spike in the
NO, emissions. Approximately 200 to 400 ms into
the regeneration pulse, the initial NO_ spike
decreases as reduction overtakes the desorption
process.

The minimally invasive nature of the SpaciMS
sampling probe allows for intra-catalyst-channel
measurement of chemical spatio-temporal
distributions. Figure 2 shows the geometry used to
investigate catalyst chemistry distributions in a
candidate production NO, adsorber operating with a
Cummins ISB diesel engine. Two 6-inch thick
catalyst bricks were configured in series with a 2-
inch spacing. A single capillary was translated
through a central channel to spatially resolve the
axial distribution of transient species. The SpaciMS
was used to monitor HC, O,, CO, and NO, transients
at several axial locations. System operation involved
regeneration every 30 seconds via an approximately
0.5-s wide fuel-rich pulse. The full results provide
resolution of the spatial/temporal species
distributions throughout the channel and
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Figure 4. DRIFT spectra of surface species associated
with NO, storage over barium oxide. Stored
NO, is partitioned between monodentate
nitrate and monodentate and bidentate nitrite.

regeneration cycle. This represents the first known
demonstration of in-situ intra-channel catalyst speci-
ation.

Results

Some SpaciMS results of NO, distribution in the
adsorber catalyst are provided in Figure 3, which was
generated by sampling the NO, signal at each
location 1 s, 3 s, 16 s and 30 s after the leading edge
of the fuel-rich pulse. The flow is from left to right
in Figure 3, and the width and spacing of the front
and back bricks are indicated. The four curves
demonstrate the NO, loading and desorption-
reduction distributions within the catalyst. The NO_
profile in the first inch of the front brick (position 0
to 1 inch) suggests this to be a reforming region
where appropriate species for driving the desorption
and reduction processes are generated. Three
seconds after the regeneration pulse, the adsorber
capacity has been restored. The development of the
axial-loading profile is evident from the 16-s and 30-
s curves. The difference in the 1-s and 30-s curves is
indicative of the desorption-reduction profile and
quantifies the relative magnitudes of the desorption
and reduction functions throughout the device.
Figure 3 demonstrates that at the specific engine
conditions used here, the back 2 inches of the brick
are not necessary. Similar figures have been
generated for other species.

The unique and previously unavailable data
provided by the SpaciMS are critical to developing
catalyst models; understanding the details of NO,
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loading, fuel reforming, sulfur poisoning and
desulfation; identifying rate-limiting steps; and
optimizing catalyst parameters such as reductant
quantity required, catalyst aspect ratio and washcoat
formulation.

DRIFT spectroscopy provides in situ detection
and measurement of the identity and relative
concentration of various surface species associated
with catalysis. Figure 4 shows the DRIFT spectra of
NO, species adsorbed on a neat formulation of BaO
powder during exposure to NO, and O,. The powder
was reduced and stabilized in a heated cell, then
reacted with continuous flow of approximately 1000
ppm NO, and 20% O, in N, at a powder temperature
of 200°C. The spectra were obtained at different
exposure times (10, 16 and 36 minutes) on the same
sample. Both nitrate and nitrite surface species were
formed on the BaO, but the formation of Ba(NO,),
did not occur. Monodentate nitrate species have
absorption bands that appear around 1495, 1290 and
980 cm™'. Monodentate nitrite species were observed
at 1460, 1070 and 810 cm™'. The bidentate and
bridged nitrite species appear as the bands at 1370
and 860 cm’'. The surface nitrate and nitrite species
are stable in their relative concentrations for long
time periods after the flow of NO, and O, is
substituted with N,. Hydrogen regeneration of the
BaO at higher temperatures (>350°C) resulted in
desorption of the surface NO, species to below the
DRIFT detection limit and regenerated the catalyst to
its initial formulation. Similar spectra are used to
quantify the effects of sulfur poisoning, desulfation
and various model reductants.

Future Plans

In FY2002 the SpaciMS will be applied to
investigate NO, adsorbers, sulfur traps and EGR
distribution. DRIFT and Raman will be applied to
monitor surface-catalyst chemistry for quantifying
the performance of reformed-reductant species for
regenerating NO, adsorbers and the effects of
ancillary species on NO_-adsorber performance.
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

C. Cost

Tasks

2a. Advanced Sensors and Controls

Objective

¢ The overall goal of this study is to characterize the performance of emission sensors and identify
potential areas of improvement.

Approach

* Develop a bench device to evaluate sensor performance under controlled conditions.

¢ Evaluate the flow characteristics of the test rig to determine baseline system performance.
¢ Perform sensor evaluation by monitoring controller output.

e Extract the pumping currents from the NGK NO, sensor.

¢ Utilize discoveries to seek improvement of sensor response.

Accomplishments

* Developed a bench-scale rig to evaluate sensor response and performance.
* Allows low gas flow rates.

¢ Allows control of gas temperature.

* Determined the response and certified the gas flow behavior in the bench rig.
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* Determined the response (time constant) for a commercially available NGK NO, sensor.

*  Successfully measured the oxygen and NO, pumping currents.

Future Directions (Beyond FY 2001)

¢ Measurement and analysis of pumping currents under transient conditions.

Introduction

Urea selective catalytic reduction (SCR) and
NO, adsorber systems are being investigated as
devices to reduce NO, emissions from diesel
engines. Optimization of these devices on an
automotive platform will likely require feedback
control. The availability of emission sensors is
limited; in fact, the only currently available NO_
sensors are those manufactured by NGK. Before any
NO, sensor can be integrated into an emission
control system, its performance must be accurately
assessed to determine its range of operation and
response.

The overall objective of this study is to
characterize the performance of emission sensors and
identify potential areas of improvement. To
accomplish this, it is necessary to develop a test
apparatus and methodology for controlled
evaluations. The second part of the objective is to
search out areas of improvement. For the NGK NO,
sensor, the pumping current signature can be
evaluated under transient conditions and analyzed to
determine if a predictive algorithm could be applied
to improve sensor response.

The NGK NO, sensor design consists of two
cells with diffusion barriers. Exhaust enters the first
cell, where it is thermally decomposed into NO and
elemental oxygen. The oxygen present in the
exhaust is pumped out of the first cell to levels
approaching 10 ppm. The current generated by
pumping out the oxygen from Cell 1 is transformed
into a voltage by the controller to become the O,
signal output for the device. The NO present in Cell
1 moves through a diffusion barrier to Cell 2. In Cell
2, the NO is decomposed into elemental nitrogen and
oxygen on a rhodium electrode. The current
generated by pumping O, out of Cell 2 is used to
provide the NO, output signal of the device.
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Figure 1. Schematic of Sensor Evaluation System

Approach

A bench-scale rig was developed in order to
measure the transient response of selected NO, (or
oxygen) emission sensors. The performance of the
rig was modeled assuming well-stirred tank
conditions and verified using a fast NO analyzer.
Steady-state measurements of NO and NO, were
initially performed to confirm the baseline
performance of the sensors. Transient measurements
were made using of NO and O, test gases in order to
determine sensor response. In order to elucidate the
sensor behavior more fully, the O, and NO, pumping
currents were measured under both steady-state and
transient conditions. Analysis of the pumping
currents during transient testing may provide insights
into computational techniques to improve sensor
response.

Results

A bench-scale rig was developed at ORNL and is
depicted in the schematic shown in Figure 1. The
test chamber is an open-ended 1.5-inch diameter
stainless steel tube. Nitrogen gas is flowed through
the chamber from one end. Approximately 7.5
inches from the nitrogen source an injector tube is
located with orifices facing downstream of the flow.
The injector is connected to a 3-way valve that can
switch between nitrogen or another selected test gas,
thus maintaining constant flow though the test
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Figure 2. Steady-State Response of the NGK NO,

Sensor to NO and NO,
Time Gas Temperature
Constant
27°C 188°C 350/400°C
RC 1.67s 1.18s 0.87s
t (10-90) 3.60s 2.60s 1.92s
t (33-66) 1.13s 0.80s 0.61s

Table 1. Sensor Response as a Function of Gas
Temperature

chamber. The sensor is located approximately 10
inches from the injector to ensure complete radial
mixing. Sensor response and valve operation are fed
into a data acquisition system and the signals
recorded simultaneously at a rate of 500 Hz. The
performance of the rig was determined using a
Cambustion NO analyzer capable of sampling at 250
Hz. This result served as the baseline reference for
further transient evaluations.

Two NGK NO, sensors were sent to ORNL for
evaluation by Ford Motor Company. The sensors
were placed in the bench rig and evaluated under
steady-state and transient conditions. The steady-
state results are shown in Figure 2; they confirmed
the baseline performance for this device. Transient
tests were performed on the sensor at several
different gas temperatures. The sensor response as a
function of temperature is shown in Table 1. The t
(33-66) time constant decreased with increasing gas
temperature and was constant (around 610 ms) for
temperatures greater than or equal to 350°C.

The pumping currents of the sensor were
measured under steady-state conditions by splicing a
pico-ammeter into the sensor wiring. The steady-
state values for the oxygen and NO, pumping
currents are shown in Figures 3 and 4, respectively.
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Figure 4. Steady-State Measurements of NO, Pumping
Current Versus NO Concentration

The pumping current for the oxygen increased
linearly with increasing oxygen concentration and
ranged from 0.2 to 3 mA. The NO, current also
increased linearly with NO concentration, but the
current was very low, ranging from 200 nA to around
8 HA. These low currents indicate that the sensor
may be susceptible to electromagnetic interference
and, therefore, may have limited use.

Conclusions

A bench-scale rig was developed at ORNL to
evaluate NO_ sensor performance. The response of
the rig was determined and the gas flow behavior
was characterized. A commercially available NO,
sensor was placed in the rig and evaluated under
steady-state and transient modes of operation. The
time constants for the sensor were found to decrease
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with increasing temperature up to 350°C. This will
be an important consideration when integrating these
devices into emission control systems, since the
range of exhaust gas temperature in a diesel engine
exhaust can vary between 150°C and 500°C.

The pumping currents of the NGK sensor were
measured under steady-state conditions. The
currents were found to be extremely low and
therefore susceptible to electromagnetic interference.
Transient analysis of these currents may indicate that
computational techniques could be used to improve
the sensor response.
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E. Plasma Catalysis for NO, Reduction from Light-Duty Diesel Vehicles

Stephan Barlow, Ana Ebeling, Gary Maupin, M. Lou Balmer-Millar, Alexander Panov, Chuck Peden
(Primary Contact), and Russ Tonkyn

Pacific Northwest National Laboratory

P.O. Box 999, MS K8-93

Richland, WA 99353

(509) 376-1689, fax: (509) 376-5106, e-mail: chuck.peden@pnl.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

CRADA Partner: Low Emissions Technologies Research and Development Partnership (LEP —
Member Companies: Ford Motor Company, General Motors, and DaimlerChrysler Corporation)
John Hoard (primary contact), Ford Scientific Research Labs, P. O. Box 2053, MD 3083, Dearborn, MI 48121-2053;
(313) 594-1316, fax: (313) 594-2923, e-mail: jhoard@ford.com

Byong Cho and Steven Schmieg, General Motors R&D Center, and David Brooks (DaimlerChrysler Technology Center).

This program also includes a plasma-reactor materials development effort with the following personnel:

Steve Nunn

Oak Ridge National Laboratory

P.O. Box 2008, MS 6087

Oak Ridge, TN 37831-6087

(865) 576-1668, fax: (865) 574-8271, e-mail: nunnsd@ornl.gov

This latter portion of the program is funded and managed by:

DOE Program Manager: Patrick Davis
(202) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@ee.doe.gov

This program addresses the following OTT R&D Plan barriers and tasks:

Barriers

A. NO, Emissions

B. PM Emissions

C. Cost

Tasks

4b. Non-thermal Plasma R&D

S5e. R&D on PM Reducing Technologies

Objective

* Develop a novel plasma/catalyst NO, reduction and particulate matter (PM) aftertreatment system that
will achieve 90% NO, reduction using less than 5% of the engine power on a compression ignition
direct injection (CIDI) engine.
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Approach

Synthesize and characterize new catalysts. A highly active and stable plasma catalyst material is
critical to meeting the program goals.

Measure plasma/catalyst activity in simulated and real exhaust.

Through more fundamental mechanistic studies, identify the important reaction intermediates and the
rate-limiting reactions in a plasma/catalyst system. Use this information to guide the catalyst synthesis
efforts.

Design and construct prototype plasma/catalyst reactor systems.

Evaluate prototype reactor systems for emission (NO, and PM) reduction performance, energy
efficiency, and durability.

Utilize ORNL ceramic processing capabilities to simplify the design of the plasma reactor portion of
the emission control device.

Accomplishments

90% NO, reduction demonstrated in two ways — both reactor concept and insight from fundamental
mechanistic studies led to these important results.

Catalyst improvements have been made in a number of areas:
- composition of baseline material;
- catalyst (zeolite) structure; and

- addition of dopants for enhanced ‘temperature window’, added ‘functionality’ of the catalyst, and
improved material properties (e.g., catalyst stability).

Results from our initial particulate removal studies show considerable promise.
Nitrogen and carbon balances are now routinely obtained in laboratory measurements.

Prototype ceramic parts have been manufactured at ORNL that offer the potential to greatly simplify
the design of proposed plasma reactor device components.

Planning and preparation for another round of full-scale engine tests has been initiated with the goal of
verifying the current status of the technology without the major ambiguities of previous tests.

General Motors researchers are now operating two reactor systems similar to those at Ford and PNNL.
There is some overlap to insure consistency, but mostly complimentary experiments are coordinated to
avoid duplication.

This program was awarded the 2001 DOE CIDI Combustion and Emission Control Program Special
Recognition Award.

Twelve papers have been published, 5 with PNNL as lead authors. Three papers have been presented
at both the DEER and Fall SAE conferences. One patent has been issued, 1 is still being prosecuted,
and 3 new invention disclosures have been completed (patents being written now). The plasma/
catalyst concept is clearly becoming more visible and acceptable due, in large part, to this program’s
results:

- Several large vehicle industry programs are now ongoing in Asia (particularly in Japan and Korea;
e.g., Toyota, Honda, Mitsubishi and Hyundai), and citing this program’s work as the reason they
started their research and development efforts;
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- Recent accomplishments of this program have been highlighted in a number of ‘popular’ science
journals and industry-specific magazines;

- Four invited talks have been delivered at international scientific meetings.

Future Directions

Continue and expand fundamental mechanistic studies that focus on the surface chemistry of
acetaldehyde and NO, on the active plasma catalyst materials.

Focus studies of the plasma device on identifying conditions for optimized production of the important
reductant materials (aldehydes) identified in the mechanistic studies.

Continue development of catalyst materials with higher activity and improved durability utilizing a
‘structured’ search guided, in part, by the results from our mechanistic studies.

Identify fate and form of PM following ‘treatment’ by the plasma reactor. This will follow up our
recent results showing considerable reduction of PM by a plasma device.

Iterate on production methods and form of plasma reactor ceramic parts produced by ORNL with
testing performed at PNNL on PNNL plasma reactor designs.

Verify current status of this novel technology by regular full-scale engine tests. The next scheduled
tests will occur in October or November of this year (2001).

Introduction

Exhaust Gas:

In this program, we have been developing a ;
novel plasma/catalyst technology for the remediation NG HC 3, elc.
of NO, under lean (excess oxygen) conditions,

specifically for compression ignition direct injection q:::

(CIDI) diesel engines that have significant fuel Disc hﬂrge
economy benefits over conventional stoichiometric
gasoline engines. Our previous work has shown that

Electrical
Volume | power

a non-thermal plasma in combination with an .
appropriate catalyst can provide NO_ emission NI:IE PoxHC's
reduction efficiency of 60-80% using a simulated ate

diesel exhaust [1]. Based on these levels of NO, ’

reduction obtained in the lab, a simple model was
developed in this program last year that allows for Cﬂtﬂl‘fﬁt

the estimation of the fuel economy penalty that
. : Volume

would be incurred by operating a plasma/catalyst
system [2]. Results obtained from this model suggest M. N.O
that a 5% fuel economy penalty is achievable with & 2
the then current state-of-the-art catalyst materials and GDE- gic.
plasma reactor designs.

Figure 1 is a conceptual schematic of a plasma/ Vehicle
catalyst device. Also shown in the figure (to be Fxhaust
discussed below), is our current best understanding .
of the role of the various components of the overall Figure 1. Schematic of a Two-step Discharge/Catalyst
device for reducing NO, from the exhaust of a CIDI Reactor Used for Reducing NO, and PM from
engine. In this last year, we have continued to focus the Exhaust of CIDI Engines
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Figure 3. Distribution of products exiting a non-thermal
plasma operated with variable power at 500
Hz, a gas temperature ~ 200°C and SV ~
20,100 h''. The Gas Feed = 14% O,, 2.5%
H,0, 25 ppm SO,, 105 ppm NO, 360 ppm C,H,
(C:N ~10:1).

on (1) improving the catalyst and plasma reactor
efficiencies for NO, reduction, (2) studies to reveal
important details of the reaction mechanism(s) that
can then guide our catalyst and reactor development
efforts (focus 1), and (3) evaluating the performance
of prototype systems on real engine exhaust. In
addition, we have initiated more careful studies this
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last year on the effects of the plasma on PM in real
diesel engine exhaust.

Results

Because this program’s patent application for the
proprietary catalyst materials has now been
published (PCT# WO 00/18494), we can identify the
materials that we’ve previously described as
"Catalyst A" and "Catalyst B". Figure 2 shows the
NO, conversion over a variety of catalyst systems
that we have reported previously. In our prior
publications [1], the Na-Y zeolite catalyst has been
referred to as "Catalyst A" while, correspondingly,
"Catalyst B" represented a Ba-Y zeolite catalyst. As
can be seen in the figure, the identification of Ba-Y
represented a significant improvement over the prior
best material, Na-Y. Also shown in the figure is the
measured performance of a specific alumina material
both alone, and together with the Ba-Y catalyst. As
reported in last year’s report, the combination of
these two materials, tested as two sequential catalyst
beds, provides a significant enhancement of the
"temperature window" for high NO, conversions.

A particularly important highlight from this
year’s work is the identification of what we believe to
be the important partially oxidized hydrocarbon
(PoxHC — see Figure 1) produced in the plasma
region of a plasma/catalyst device. From prior work,
it was widely believed that the most important role
for the plasma reactor part of the device is to oxidize
NO to NO,. In fact, we demonstrated this year that
partial hydrocarbon oxidation by the plasma is at
least as important as NO oxidation if not more so. To
identify candidate partially oxidized reductant
species, we looked at the hydrocarbon species
generated by a plasma reactor on simulated diesel
exhaust. Figure 3 shows results obtained at General
Motors where it can clearly be seen that aldehydes
(formaldehyde and acetaldehyde) are primary
PoxHC products formed in the plasma [3]. These
results were consistent with modeling studies carried
out at the University of Illinois in collaboration with
John Hoard at Ford. We then used this information
to study the thermal catalytic reaction (no plasmal)
of NO and NO, with added aldehyde as the
reductant. Figure 4 shows that NO, conversions of
90% or greater were obtained in these experiments
[4]. These laboratory results are especially
significant because they demonstrate that a plasma/
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Figure 4. The Effect of Acetaldehyde Concentration on
the Thermal Conversion of NO, over a BaY
Zeolite Catalyst (T=250°C, SV=12,000h",
200 ppm NOx, 8% O,, 2% H,0, balance N,).

catalyst device is capable, in principle, of meeting
the program targets. Furthermore, they provide
important information for how to further optimize
the catalyst and plasma reactor components of the
device. Using similar experiments, we also studied
the ability of longer-chain aldehydes because they
are likely to form from the hydrocarbon components
in a real diesel exhaust.

Besides the above studies, our catalyst
development efforts in FY2001 have focused on: 1)
the ‘optimum’ cation substitution (type and amount)
into zeolite-Y; 2) whether the zeolite structure is
necessary for creating the ‘active catalytic sites’ and,
if yes, what is the ‘optimum’ structure; 3) whether the
addition of other metal-dopants, reported to be good
partial hydrocarbon oxidation catalysts, could
increase the yield of desirable aldehyde species; 4)
whether both of the high and low temperature
activities (see Figure 2) can be ‘engineered’ into a
single catalyst; 5) whether ammonia SCR catalysts
(e.g., vanadia/titania and tungstate/titania) are good
materials for NO, reduction following a non-thermal
plasma; and finally, 6) whether optimum ‘acid site’
type and concentration can be engineered into the
catalyst.

Our plasma reactor development work this year
has consisted of three main activities. 1) As part of
‘work-in-kind’, DaimlerChrysler will be evaluating a
commercial ‘plasma reactor’ design. The plan is to
test a ‘Maxwell’ ozonizer in engine tests scheduled

69

FY 2001 Progress Report

100
&l
L]
il
B
5
41
M
il
L

{NEW]

[PREVIGUS| |

Normalized MOy

a 0 20 S0
Bpeciic Energy Deposihon (il )
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Conversion) of a New System Design
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Previously Described Studies

for October at FEV in Auburn Hills, MI. We expect
to have new results from this work to report next
year. 2) In collaboration with PNNL (S. Barlow),
Steve Nunn at ORNL has been refining the design
and fabrication of ceramic parts to reduce part
number and complexity. Prototype parts
manufactured at ORNL are currently being tested at
PNNL in a PNNL-designed plasma-reactor. 3) Most
significantly, PNNL has invented a new conceptual
plasma/catalyst system that offers the promise of
achieving the 90% NO, reduction targets with
significantly reduced input power requirements [5].
Figure 5 provides data obtained this year that
demonstrates the validity of the new concept.
Importantly, this experimental data is fully consistent
with modeling of the reactor.

Besides NO, reduction, meeting newly legislated
particulate matter (PM) standards for the exhaust of
CIDI engine-powered vehicles represents a
significant challenge. Based on some prior literature,
as well as a number of intriguing preliminary
experiments carried out previously in this program,
we have initiated new experiments designed to
determine the fate of PM from the exhaust of a CIDI
engine after passing through the oxidizing region of a
non-thermal plasma reactor. In this year, we have set
up instrumentation to carefully measure the number
and size distribution of PM emitted from a Yanmar
L70AE, 300cc, 4-cycle diesel generator. The first
results are shown in Figure 6 where a sizable
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Figure 6. Measured reduction of the number of
particulate matter in specific size ranges as a
function of increasing energy input to the
plasma reactor. These measurements were
made after passing the exhaust of a 300cc, 4
cycle diesel generator (Yanmar L70AE), at a
40% load, through a laboratory prototype non-
thermal plasma reactor.

reduction in PM, proportional to the input energy of
the plasma reactor, is clearly demonstrated. In this
next year, we will focus our studies on the
identification of the fate of the PM. In particular, an
important question is whether this observed PM
reduction is due to electrostatic precipitation or if,
indeed, the PM is more fully oxidized (ideally to
CO,).

Engine testing of prototype plasma/catalyst devices
is an important element of our program to provide a
‘calibration’ of where the technology is relative to the
alternatives and with respect tomeeting the overall
goals of the program. In last year’s report, we
described the first of these engine tests (at ORNL)
that demonstrated as much as 50% reduction with an
estimated total fuel economy penalty of 6%. Despite
these very promising results, there were a large
number of experimental ambiguities that suggested
even better performance. For this reason, we have
designed a vastly improved and flexible test unit that
will be used for this fall’s scheduled engine
dynamometer tests in Detroit. The overall goals of
the tests are as follows. 1) Thoroughly test a
commercial ‘ozonizer’ as a possible simple plasma
reactor design (these experiments will be conducted
by DaimlerChrysler personnel as part of their "work-
in-kind"). 2) Determine where we really are on an
actual system using our "best available technology".
Notably, we plan to remove most, if not all of the
ambiguities from prior ORNL tests. These
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ambiguities include the poorly understood effect of
PM on the system performance (e.g., NO,
conversion), the use of probably low quality catalyst
coatings on monolith substrates in the catalyst
reactor region of the device, and a likely overly
simple plasma reactor design used in these first full-
scale engine tests.

Conclusions

PNNL and its LEP CRADA partners from Ford,
General Motors and DaimlerChrysler have been
developing a plasma-assisted catalyst system that is
showing great promise for treating emissions of NO,
and PM from the exhaust of CIDI engine-powered
vehicles. High NO, conversions have been
demonstrated over a wide temperature range on
simulated diesel exhaust. The most significant
laboratory results obtained in the last year provide
good evidence that the overall program targets of
90% NO, reduction with less than a 5% fuel-
economy penalty are within reach. Careful planning
for full-scale engine tests, scheduled for this fall in
Detroit, has also occurred this year.
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F. Non-Thermal Plasma System Development: Integrated PM and NO,
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This project addresses the following OTT R&D Plan barriers and tasks:

Barriers

A. NO, Emissions

B. PM Emissions

C. Cost

Tasks

4b. Non-thermal Plasma R&D

S5e. R&D on PM Reducing Technologies

Objectives

* Develop an integrated non-thermal plasma (NTP) assisted catalyst and particulate filter system for PM

and NO, reduction in heavy-duty diesel vehicles.

* Reduce vehicle emissions by an average of 90% for PM and 80% for NO, over a typical emissions
driving cycle test.

* Design a system that is tolerant to sulfur and other diesel fuel impurities.

* Achieve the above objectives with less than a 3% fuel penalty impact on vehicle operation.

Approach

* Develop an integrated NTP system for simultaneous PM and NO, reduction.
*  Use NTP to convert NO to NO, and directly oxidize PM to CO,.

*  Model plasma physics and chemistry of a NTP reactor and design an energy efficient reactor based on

modeling and experimental results.

* Use selective catalytic reduction of NO, to N, in conjunction with a NTP reactor for NO, reduction,

which will require the development of a highly active catalyst material.

* Remove PM by mechanical filtering with a diesel particulate trap, and regenerate trap by soot
oxidation, with NO, supplied by NTP reactor.
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* Design, optimize, and construct a prototype system to maximize emissions reduction performance
while minimizing hydrocarbon and power consumption requirements.

Accomplishments

¢ Developed numerical models to help guide NTP reactor design.

¢ Initiated development of an energy efficient NTP reactor design that can be used in an integrated
system for PM and NO, reduction.

* Demonstrated the use of a catalyst material that achieves >90% peak NO, reduction when used in
conjunction with an NTP reactor (simulated exhaust).

* Established that the NTP reactor can directly oxidize a portion of the PM (~30%) to CO,_.

* Initiated experimental efforts to develop and understand mechanisms of diesel particulate filter (DPF)
continuous regeneration by NTP.

* Developed an understanding of the chemistry that occurs in various steps of an integrated NTP
assisted PM and NO, reduction system.

Future Directions
¢ Perform full-scale durability testing of NTP reactor design.

* Increased NO, catalyst performance at lower temperatures for cold-start operation, and evaluate
transient response.

* Evaluate diesel fuel injection for potential hydrocarbon addition if required for adequate operation.
* Test with real diesel engine exhaust.
* Characterize direct soot oxidation in NTP reactor.

* Continue investigation of diesel particulate trap regeneration by NO,, with NTP assist.

Introduction ' Ml il MTP
' HI® Fascir  H Fagracsien | Zrapd
The objective of this Cooperative Research and . ' |
Development Agreement (CRADA) project is to [— I
develop an integrated NTP assisted catalyst and I

particulate filter system for PM and NO_ reduction in

heavy-duty diesel vehicles, with an average of 90% . , ,

PM and 80% NO_ reduction over the heavy-duty Figure 1. Conceptual schematic of an NTP assisted-
engine emissions test cycle. The CRADA partners Z?;?;};S; ;’gla;lrsltiagﬁ“;ﬁ;?ﬁ:;tesﬁéﬁlior
are the DOE Office of Heavy Vehicle Technologies each stage of the system.

(DOE-OHVT), Pacific Northwest National

Laboratory (PNNL), and Delphi Automotive 2) selective NO, reduction catalyst material

Systems. development, and 3) particulate trap regeneration
based on NTP technology. The conceptual integrated

Approach system that is capable of reducing both PM as well as

NO, emissions from a lean-burn diesel engine is
The approach taken for this project will primarily shown in Figure 1.

address three key technical areas associated with the

development of an NTP assisted-catalysis system for The project tasks were performed jointly by
the reduction of PM and NO, emissions from heavy- PNNL and Delphi team members, with the NTP
duty diesel engines: 1) NTP reactor development, reactor modeling, catalyst material development, and
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Exhaust Gas Passage

Figure 2. Single Cell Parallel Plate NTP Reactor

system chemistry mechanistic understanding being
the primary focus for the PNNL group. The focus for
the Delphi group was the application of a DPF and
filter regeneration, on-vehicle system evaluations,
and power supply/control system development.

Results

NTP Reactor Development

Based on modeling activities and experimental
trials, a parallel plate, dielectric barrier discharge
(DBD) reactor design was selected as the best and
most robust geometry to use for an NTP system.
This design is comprised of flat electrodes placed on
opposing sides of the exhaust gas passage, as shown
in Figure 2, with alumina dielectric barriers used to
suppress arcing between the electrodes. Figure 2
shows a single cell unit, but multiple cells can be
combined to increase reactor size and capacity based
on the engine application.

An integrated NTP model was developed that
correlates reactor geometry to performance and
chemistry, in order to guide reactor design. In
addition, finite element analysis (FEA) of heat
transfer and high temperature durability testing have
shown that this design is robust. The numerical
modeling activities have provided great insight into
the proper reactor design. Most NTP reactor designs
(barrier discharge type) are similar in performance, if
constructed properly. Figure 3 shows the results
from a modeling simulation to determine the effect
of gap spacing on the performance of the NTP
reactor. The modeling results indicate that
minimizing the reactor gap distance increases the
electric field saturation strength and the fraction of
current carried by electrons. However, the better
electrical conditions must be balanced between
physical conditions, such as the amount of
backpressure developed from the device. Therefore,
a practical minimum reactor gap distance for the
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Figure 3. Modeling Results of the Saturation E-field
Strength and the Fraction of Current Carried
by Electrons, as a Function of Gap Distance

parallel plate design was established to be
approximately 1 mm. This gap distance maximizes
the electric field strength, while ensuring minimal
backpressure through the NTP reactor, with adequate
exhaust flow rates.

The exhaust gas species also play a significant
role in the energy requirements and NO oxidation
efficiency, particularly at high exhaust-gas
temperatures. Numerical modeling of the plasma
physics, coupled with the gas-phase chemistry for
NO to NO, conversion, was performed, which
provided a better mechanistic understanding of the
chemistry that occurs in the plasma. It was found
that the production and availability of RO, and HO,
species is important for efficient NO to NO,
conversion. The reaction rates between NO and HO,
or RO, species are extremely fast, and by
maximizing the hydrocarbon, water, and oxygen
content in the exhaust stream, the production of these
species is increased. Adequate NO to NO,
conversion is achievable, even at higher exhaust gas
temperatures, with minimal NO, to NO back
reaction, if HC and H,O levels are high enough. The
experimental data shown in Figure 4 validate this
notion and show that the NO to NO, conversion
efficiency increases with increasing H,O and HC
content. Therefore, it is desirable to maximize the
HC and H,O content of the exhaust gas stream,
where appropriate.
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Figure 4. Experimental Results Showing the Importance
of Hydrocarbons and Water on the NTP
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Figure 5. Experimental results of NO, conversion
efficiency from NTP assisted NA1 catalyst,
with a simulated exhaust stream. The
simulated exhaust gas was comprised of 250
ppm NO, 500 ppm C;H,, 10% O,, 3% H,0O, and
7% CO,. The NTP reactor temperature was
held constant at 250°C, and the energy input
was 22 J/L for 95% NO to NO, conversion.

Catalyst Material Development

Initial catalyst material development has been
focused on metal oxide structures, such as high
surface area alumina based materials. The materials
investigated were comprised of commercial high
surface area alumina products and laboratory-
prepared proprietary formulations and synthesis
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Figure 6. Experimental Results from the Conversion of
Propene and Propane to Aldehydes in a
Simulated Exhaust Stream

processes. In general, the commercial materials fell
significantly short of achieving the high NO,
conversion efficiency required to meet the project
goals. The laboratory synthesized materials achieved
high peak NO, reduction efficiencies (greater than
90%) when run with a simulated exhaust stream.
However, one specific catalyst material, identified as
NAI, achieved a high level of NO, reduction over a
relatively wide operating temperature window of
250°C to 600°C, when combined with a NTP device.
The peak NO, reduction efficiency was >90%, as
shown in Figure 5, but the NO, conversion efficiency
was <40% when NO, was injected directly into the
catalyst instead of into the gas stream being
processed by the plasma. This suggests that the
plasma produces other active species that play a role
in the catalytic reduction of NO, over these catalyst
materials.

It was found that aldehyde species are the
important reductants that react with NO, to convert it
to N,. Experiments were conducted, without the use
of an NTP reactor, where supplemental additions of
aldehydes, primarily formaldehyde, were injected
into the catalyst bed. An increase in catalyst activity
was realized, similar to that of the case where an
NTP reactor was used. Figure 6 shows how much
formaldehyde and acetaldehyde is generated in the
plasma from the input of 750 ppm propene and
propane. The data also indicate that the generation of
aldehydes in plasma is dependent on the type of
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hydrocarbons introduced to the plasma, with alkenes
producing more aldehydes.

PM Reduction and DPF Regeneration

Since the NTP reactor requires electrical power
to produce the plasma discharge, it is desirable to
maximize the benefits from the reactor, and therefore
use the electrical energy provided by the vehicle’s
charging system as effectively as possible. In
addition to oxidizing NO to NO, and converting a
portion of the available exhaust HCs to aldehydes,
the NTP can also oxidize a portion of the PM to CO..
It was found that approximately 32% of the total
particle count is reduced by passing the exhaust
stream through the NTP reactor at power levels
equivalent to that required for complete NO to NO,
conversion. Figure 7 shows the reduction of PM
count from a 1.9L direct injected diesel vehicle as a
function of NTP reactor power.

Complementary experiments to determine the
mass reduction of PM through the NTP reactor
revealed approximately a 30% reduction in PM mass,
compared to a "reactor off" operating condition.

Even though the NTP reactor can directly
convert a portion of the PM to CO,, a 30% reduction
is not enough to meet future emissions regulations.
Therefore, the use of a DPF was added to the system
for the mechanical removal of PM from an exhaust
gas stream. A DPF is very effective at removing PM
from the exhaust stream of vehicles. However, once
the filter is saturated with PM, it must be regenerated
and the soot removed in order to ensure proper
engine and DPF operation.

Research was initiated to investigate the use of
NO, as an oxidant to oxidize soot particles collected
on the filter to CO, and regenerate the surface of a
DPF. Since NO, is a strong oxidizer, the conversion
of PM at lower temperatures is possible. However,
in order for this process to be effective, a high
reaction rate is necessary for continuous filter
regeneration and to maintain a low pressure-drop
across the system. In addition, the system must be
capable of regeneration over a wide temperature
range (including <400°C), and it must minimize the
vulnerability to SO, and non-combustible
contaminants.
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Figure 7. Experimental Results Showing the Reduction
in Particulate Counts for Different Particle
Size Classes

Experiments were performed to validate the use
of NO, as an oxidizer of soot collected in a DPF. The
experiments were set up so a DPF device was located
in the exhaust stream of a running diesel engine,
operated on an engine dynamometer system. The
engine was initially run with a new DPF for a
predetermined amount of time, in order to collect an
initial amount of soot in the filter, and then NO, from
an external source was introduced up-stream of the
DPF. Similar experiments were performed with an
NTP reactor located up-stream from the DPF, for the
purposes of providing the necessary NO, for soot
oxidation and "forcing" the regeneration to occur at
lower temperatures.

The data plotted in Figures 8 and 9 are
representative of the results from the DPF
regeneration experiments. Filter regeneration was
possible in the "injected" NO, case, but only at
temperatures at or above 400°C. In contrast, filter
regeneration occurred in the NTP "forced" condition
at temperatures as low as 340°C. In addition, the
minimum NO, concentration required for "forced"
regeneration was ~100 ppm, compared to the 200
ppm of injected NO, necessary for continuous
regeneration.

The rate of regeneration was measured by
monitoring the pressure drop across the DPF, which
is directly related to the amount of soot inventory in
the filter, and by monitoring the mass of PM on the
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filter before and after the experiments. The rate of
DPF regeneration and pressure drop change during
the forced regeneration condition was -1.5 grams/
hour and -0.5 kPa/hour, respectively. The lower
temperature and increased rate of regeneration with
the NTP reactor suggests other soot reaction
mechanisms besides oxidation by NO,. It is thought
that the additional O-radicals and ozone produced in

E 8 &

4

BPF Premaum Diop |EPa| or NOR Conceniralion

04 o e the plasma reactor may be contributing to more soot
o | oxidation at a lower temperature.
100 - Conclusions
*1 - & Over the course of the last year, the PNNL-
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Figure 8. Experimental results showing DPF system for PM and NO, reduction. Small-scale
regeneration with injected NO, and filter bed prototype NTP reactors were fabricated and
at 400°C. Initial soot loading in DPF when evaluated for their ability to oxidize NO and PM
NO, was injected was 10.4 grams. emissions. In addition, a catalyst material was

formulated and produced that achieves >90% peak
NO, reduction in a simulated diesel exhaust stream
™m0 when used in conjunction with an NTP reactor.

A better understanding of the chemistry that

§ e ——a— erert . .
T occurs in various steps of an integrated NTP assisted
2 PM and NO, reduction system was developed, and it
B 1m0 \\‘\' was discovered that the NTP reactor and subsequent
[1 plasma chemistry has the ability to directly oxidize a
E‘ —— portion of the PM in an engine exhaust stream.
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i understand the chemical mechanisms of DPF
4 continuous regeneration by NTP, through the use of
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G. Plasma-Assisted Catalysis for Heavy-Duty Diesel Engines
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Richland, WA 99352
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Contract DE-AC06-76RLO 1830

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

B. PM Emissions

C. Cost

Tasks

4b. Non-thermal Plasma R&D

5e. R&D on PM Reducing Technologies

Objective

¢ Develop an exhaust emission control system that will achieve 90% NO, reduction using 3-5% of the
engine power on a heavy-duty diesel engine.

Approach

* An emission control system involving a non-thermal plasma in conjunction with a catalyst is being
developed to reduce NO, emissions. In this endeavor, a partnership between Pacific Northwest
National Laboratory (PNNL) and Caterpillar Inc. has been established under a Cooperative Research
and Development Agreement (CRADA). PNNL is responsible for plasma system design, bench
testing, and catalyst development and characterization. Caterpillar is responsible for catalyst
development and characterization, bench testing, and engine cell testing.

Accomplishments

* An extensive set of tests on the effects of sulfur were completed. Catalysts tested include various Y-
aluminas, In-doped y-aluminas, and Ag-doped y-aluminas.

e (atalyst materials capable of withstanding high operating temperatures have been synthesized and
tested up to 600°C. Catalytic activity above 95% for NO, reduction has been observed for simulated
diesel exhaust.

* A variety of selective catalytic reduction (SCR) agents have been tested in combination with plasma
and catalysts. Results show that primary alcohols are very active for reduction.

* A steady-state engine test has been completed on a slipstream from a Caterpillar 3126B engine.
Results show NO, removal efficiencies from 40 — 95% depending on engine load and speed
conditions, the temperature of the catalysts, the formulation of the catalyst, and the reducing agent.
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Future Directions

FY 2001 Progress Report

¢ Investigate alternative plasma reactor configurations to obtain a high throughput architecture.

* Continue to investigate alternative reducing agents and catalyst mixtures to obtain activity over broad

temperature ranges.

* Continue to develop a mechanistic understanding of NO, reduction in a plasma-catalytic system.

* Examine strategies for reforming fuel into more desirable reducing agents for NO, control.

*  Optimize catalyst formulations into support architectures that are suitable for on-vehicle use

(monoliths or ceramic foams).

Introduction

Non-thermal plasma-assisted catalysis (PAC) is
an effective method for reducing NO, emissions in
diesel exhaust; however, further advances in plasma
system efficiency and catalyst development are
needed for vehicle applications. Research in FY01
has focused on finishing an extensive set of
experiments on sulfur effects, examining a set of
alternate reducing agents for PAC, and completing
our first engine test on a slipstream from a Caterpillar
3126B engine.

Results

Currently, over 90 catalysts have been
synthesized and tested for NO, reduction activity.
Another 9 commercially available materials have
also been examined. The current plasma test stand
can operate up to 600°C with simulated exhaust
streams. Simulated exhaust is composed of N,, O,,
H,0, NO, NO,, CO, CO,, and SO,. Thus far,
conversions exceeding 95% have been obtained for
our bench configuration. The most successful
formulations are y-alumina materials with precious
metal dopants such as indium and silver. Indium-
doped catalysts suffer from poisoning due to sulfur
where NO, reduction drops from above 85% down to
75%. Silver-doped materials do not exhibit problems
with sulfur because silver sulfate is also active for
NO, reduction. A silver-doped y-alumina developed
under this program has shown greater than 95%
reduction in NO, on a powder test bench.

Another important aspect of our work in FY01
was the examination of a variety of reducing agents.
Propylene has traditionally been used, but a liquid
hydrocarbon is desirable for on-vehicle use,
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Figure 1. The Activity of Y-Alumina with Various
Reducing Agents at 350°C and 500°C

particularly if it can be produced from the fuel via
on-board reforming. Figure 1 shows results from
experiments on y-alumina where five hydrocarbons
with significantly different functionality were used as
SCR agents. Methanol was the most active reducing
agent over y-alumina by a large margin. In fact, the
remaining NO, was below the detection limit of our
equipment (< 5 ppm) at 500°C. Notice also that most
of the activity is thermal, in that plasma is not
required at high temperature when methanol is used.
There is also thermal activity for NO, reduction at
350°C, but plasma is required to reach the maximum
conversion level of 81%.
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Another significant milestone was the
completion of a steady-state engine test on a
slipstream from a Caterpillar 3126B engine. We
examined road load and high load engine exhaust
with several catalyst-reducing agent combinations.
We also tested 2 catalyst volumes to probe the effect
of space velocity on activity. Figure 2 shows the
results from the CRADA-developed y-alumina
catalyst with propylene as the reducing agent. Notice
that activity drops dramatically with increased space
velocity. Results are similar to results obtained on
our bench system at PNNL. There is roughly a 10%
reduction in activity on the engine slipstream
compared to lab results on simulated exhaust. It is
also evident that high load conditions are more
difficult for the system to treat. This is due to the
higher NO, to hydrocarbon ratio when operating in
that mode.
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Figure 3 shows data for all catalyst-reducing
agent combinations examined, operating at a space
velocity of 10,000/hr. Propylene with Ag-doped Y-
alumina showed the highest activity, which exceeded
95% over the entire temperature range examined.
Also notable is the performance of Ag-doped Y-
alumina with diesel fuel as the reducing agent, which
resulted in NO, reduction up to 75%.

Conclusion

A sulfur effects study has been completed which
shows silver-doped y-alumina to be a superior
catalyst. NO, reduction efficiencies above 95% have
been obtained using catalysts developed under the
CRADA. Primary alcohols appear to be the most
suitable reducing agents for the y-alumina PAC
system. Steady-state engine tests show up to 95%
conversion using monolithic catalysts at lower space
velocity. Additional work is needed to enhance
performance at higher space velocity.
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8. Park, P.W., Boyer, C. L., Ragle, C. Balmer, M.
L., Aardahl, C. L., Habeger, C. F., Rappe, K. G.,
and Tran, D. N. (2001) Development of catalytic
materials for non-thermal plasma aftertreatment.
Proc. 2001 Diesel Engine Emissions Reduction
Workshop, Portsmouth, VA. US Department of
Energy, Washington, DC, in press.

9. C. F. Habeger "Plasma emission control devices
for heavy duty diesel engines." Presented at the
FY 2001 DOE National Laboratory Merit
Review and Peer Evaluation on CIDI Engine
Combustion, Emission Control, and Fuels R&D.
June 11-13, 2001.

Patents

1. "Method and system for the combination of non-
thermal plasma and metal/metal oxide doped Y-
alumina catalysts for diesel engine exhaust
aftertreatment system." Submitted to the US
Patent Office.
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IV. PARTICULATE CONTROL TECHNOLOGIES

A. Microwave-Regenerated Diesel Exhaust Particulate Filter Durability Testing

Dick Nixdorf

Industrial Ceramic Solutions, LLC

1010 Commerce Park Drive, Suite I

Oak Ridge, TN 37830

(865) 482-7552, fax: (865) 482-7505, e-mail: nixdorfr@indceramicsolns.com

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

DOE Program Manager: Patrick Davis
(203) 586-8061, fax: (202) 586-9811, e-mail: patrick.davis@hq.doe.gov

ORNL Technical Advisor: David Stinton
(865) 574-4556, fax: (865) 574-6918, e-mail: stintondp@ornl.gov

Contractor: Industrial Ceramic Solutions, Oak Ridge, Tennessee
Prime Contract No.: 4000000723

Subcontractors: Microwave Materials Technologies, Inc., Knoxville, Tennessee,; Transportation
Research Center,East Liberty, Ohio

This project addresses the following OTT R&D Plan barriers and tasks:

Barriers
B. PM Emissions
C. Cost

Tasks

5c. Microwave Regenerating Diesel Particulate Filter

Objectives

* Improve the heating uniformity and efficiency of the microwave field.

* Demonstrate 95% efficiency in the removal of exhaust particulate matter.
¢ Increase the strength and performance of the ceramic fiber filter media.

*  Conduct on-road vehicle durability testing of the microwave filter system.

Approach
¢ Utilize computer finite-element modeling to improve the design of the microwave system.

¢ Perform a matrix of ceramic papermaking and binder addition tests to improve the strength and
permeability of the ceramic fiber filter media.

¢ Validate the materials and microwave improvements in a 1.9-liter stationary diesel engine test cell.

* Install and road test the improved microwave filter system on 1.9-liter and 7.3-liter diesel vehicles.
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* Microwave field uniformity in the filter cartridge was improved from heating 10% of the filter to
heating approximately 60% of the filter cartridge volume, which provides efficient regeneration.

¢ Ceramic fiber filter media burst strength was improved from one to six pounds per square inch, a
500% improvement in mechanical durability, exceeding the calculated strength requirement for diesel

exhaust.

¢ A diesel exhaust particulate matter removal efficiency of greater than 95% was demonstrated on the
stationary 1.9-liter engine test cell over the operating range of the engine.

* The microwave filter has been installed on a Ford F-250 7.3-liter diesel pickup, with an exhaust
backpressure and temperature data acquisition system, for a 6,000-mile road test.

* The microwave filter system is fabricated and being installed on a 1.9-liter diesel Volkswagen Jetta for
a 7,000 mile controlled test track evaluation, with periodic FTP cycle emission testing.

Future Directions

* Integrate the microwave filter PM control unit with NO,, hydrocarbon, and CO emission devices to
develop a total system approach to meet EPA Tier II emission regulations .

* Continue on-road durability testing to improve the filter system, precisely defining the operating cost

and FTP cycle emissions performance.

* Enlist exhaust system, engine, and vehicle manufacturers in a product development effort to transfer
the microwave filter system to future commercial applications.

Introduction

Current diesel engine particulate filter
technologies depend on a catalyst to assist in the
regeneration of the filter. Catalyst technology
requires an exhaust temperature of approximately
350°C to be effective. Small diesel engines rarely
achieve this exhaust temperature, except at high
loads indicative of high speed vehicle operation. The
microwave-regenerated particulate filter can achieve
the required particulate removal efficiencies and
regenerate at low exhaust temperatures. Itis a
potential answer to the low-temperature urban
driving cycle where the catalyst technologies are
ineffective. It may also be a solution to the cold-start
issue that is responsible for a significant portion of
both diesel and gasoline engine emissions. Other
methods of heating the filter, such as electrical and
fuel burners have been tried since the early 1980s,
with limited success. The microwave filter
technology is unique due to the discovery and use of
a special silicon carbide fiber that efficiently converts
microwave energy to heat energy. These fibers can
achieve remarkably high temperatures of 1,200°C in
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Figure 1. Microwave-Regenerated Diesel Exhaust Filter
System

9 seconds in a standard household microwave oven.
A process has been developed to incorporate this
phenomenon into a filter cartridge and microwave
regeneration system for use in diesel engine exhaust
streams, as shown in Figure 1. This technology has
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Figure 3. Test Apparatus on the Exhaust of the Ford
Truck
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Figure 5. Schematic Diagram of the Volkswagen
Microwave Filter System
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been demonstrated in stationary diesel engine test
cells at the Ford Motor Company, Oak Ridge
National Laboratory and the University of
Tennessee. The industry partners directed the FY
2001 efforts toward durability testing of the
microwave filter system. On-road diesel vehicle
testing has been selected as the most effective
approach to verification of durability.

Approach

FY 2000 testing revealed that improvements in
uniform microwave heating of the filter cartridge
were necessary. Finite-element computer programs
were used to model the microwave heating of the
silicon carbide filter cartridge. The results of the
computer modeling were used to refine the filter
cartridge and microwave component configurations.
A microwave engineering effort was conducted to
reduce the size of the microwave source components.
Calculations of the mechanical stresses on the filter
cartridge by the diesel exhaust showed that the
current 1.0 psi burst strength of the ceramic fiber
filter media needed to be increased to at least 3.0 psi
to survive the full-load operating conditions of a
diesel engine. A three-month materials science
experimental matrix program was conducted to
increase the mechanical strength of the ceramic fiber
filter media. This program addressed such variables
as ceramic papermaking, binder addition techniques
and furnace processing. The microwave and
materials improvements were incorporated into an
experimental prototype. This prototype system was
tested on a 1.9-liter stationary diesel engine test cell
at the Oak Ridge National Laboratory. With
satisfactory results from these tests, the on-road
diesel vehicle microwave filter system components
were designed. Two vehicles were selected for on-
road testing of the microwave filter system.
Instrumentation was designed, fabricated and tested
to continuously monitor the backpressure resulting
from carbon particulate accumulation on the filter,
the exhaust flow and the temperature of the exhaust,
during vehicle operation. The instrumented filter
exhaust systems were installed on a Ford F-250 7.3-
liter diesel pickup (Figures 2 and 3) and a
Volkswagen Jetta 1.9-liter diesel car provided by the
U.S. DOE (Figures 4 and 5). The Ford truck is being
tested under routine highway driving conditions for
approximately 6,000 miles. The filter will be
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removed and microwave-cleaned in the laboratory to
understand the effects of microwave heating on the
particulate loaded cartridge. The Volkswagen Jetta is
being equipped with an on-board microwave
regeneration system. This vehicle will be driven for
7,000 miles under controlled test track conditions by
the Transportation Research Center near Columbus,
OH. It will be subjected to FTP cycle chassis
dynamometer emissions testing at periodic intervals.
The data from both on-road tests will be used to
improve the performance of the microwave-
regenerated particulate filter, verify system
durability, and precisely quantify the fuel penalty
resulting from filter operation.

Results

The microwave field finite-element program
analysis improved the heating efficiency of the filter
cartridge from 10% of the filter volume in FY-2000
to over 60% in FY 2001. The mechanical strength of
the ceramic fiber media, at the conclusion of the
three-month experimental matrix optimization
program, increased from 1.0 psi to 6.0 psi.
Calculations have shown that 3.0 psi would be
adequate for a typical diesel exhaust stream.
Analysis of the materials matrix data shows that
further improvements to 10 psi are attainable. The
diesel engine manufacturers have insisted that 95%
particulate matter destruction is necessary to comply
with the U.S. EPA Tier Il requirements. Stationary
diesel 1.9-liter engine test cell data, using the FY
2001 microwave filter system improvements,
demonstrated an average particulate removal
efficiency of 97%, over a spectrum of normal engine
operating conditions (Figure 6). Preliminary road
testing of the filter on the Ford 7.3-liter truck proved
that the filter could survive the full loading of 1,000
cubic feet per minute of exhaust flow without
mechanical failure.

Conclusions

The microwave-regenerated filter was
introduced to the DOE program in FY 1999. The
technology has met or surpassed its milestone goals
each year. The principal remaining question is the
durability of the microwave filter system in on-road
testing. The conclusion of the FY 2001 on-road
diesel vehicle demonstrations will provide the
answer to that question. Positive results will lead to
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Figure 6. FY-2001 Particulate Removal Efficiency Data

product development partnerships with exhaust sys-
tem suppliers, engine builders or vehicle manufactur-
ers. These strategic partnerships are expected to
move this technology to integration into a total com-
mercial diesel exhaust emissions control system.

FY 2001 Publications/Presentations

1. J. Green, R. Nixdorf, J. Story, and R. Wagner,
"Microwave-Regenerated Diesel Exhaust
Particulate Filter", SAE Paper 2001-01-0903,
Society of Automotive Engineers, Warrendale,
PA.

R. Nixdorf, "Microwave-Regenerated Diesel
Particulate Filter" presented at the Society of
Automotive Engineers World Congress, March
5-8, Detroit, MI, 2001.

3. R. Nixdorf, "Microwave-Cleaned Ceramic Filter
Using Silicon Carbide Fibers" presented at the
American Filtration Society National Technical
Conference, May 1-4, Tampa, FL, 2001.

J. Wainwright, R. Nixdorf, "Microwave-
Regenerated Diesel Particulate Filter" presented
at The University of Wisconsin Exhaust
Aftertreatment Symposium, June 12-13,
Madison, WI, 2001.
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B. The Impact of Oxidation Catalysts on Diesel Engine Emissions

Wendy Clark (Primary Contact), Matthew Thornton
National Renewable Energy Laboratory

1617 Cole Blvd.

Golden, CO 80228

(303) 275-4468, fax: (303) 275-4415, e-mail: wendy_clark@nrel.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-4617, e-mail: kathi.epping@hq.doe.gov

Subcontractors: Coordinating Research Council, Inc., Alpharetta, GA; Southwest Research Institute,
San Antonio

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers
B. PM Emissions

Tasks
5. Particulate Matter Control Device R&D
6. Prototype System Evaluations

Objectives

*  Assess the impact of diesel oxidation catalysts (DOCs) in altering the particulate and gaseous
emissions characteristics of a state-of-the-art light-duty diesel engine

¢ Test multiple DOCs to characterize engine-out and tailpipe diesel emission characteristics

* Evaluate an engine/oxidation catalyst technology combination that with appropriate particulate trap
technology will meet Tier 2 emission standards, but only explore the effect of the DOC

Approach

* Task 1 - Catalyst Procurement. Catalyst suppliers will provide DOCs for evaluation. These catalysts
will be close-coupled to the engine and at least three advanced catalysts will be obtained for the study.

* Task 2 - Catalyst Degreening and Stabilization. Each catalyst will be installed on a vehicle and then
operated for 4,000 miles to achieve stable performance.

¢ Task 3 - Equipment Setup and Measurement Repeatability Verification. Theoretical analysis will be
conducted to determine particle losses that may occur in the particulate sampling system for particle
sizes ranging from 10 nanometers to 1 micron. Experimental loss analysis will also be performed in
the micro-dilution tunnel using solid particle standards. Repeatability of all particulate and gaseous
measurements will be determined in this task.

¢ Task 4 - Catalyst Evaluation with Low Sulfur Fuel. The contractor will evaluate three diesel oxidation
catalysts using a light-duty 1999 Mercedes Benz C220 CDI vehicle equipped with a 2.2L OM611
CIDI engine. The contractor will operate the vehicle using a fuel expected to be representative of the
2007 federal specification. The fuel will be procured with a sulfur content of approximately 10 ppm.
Test cycles will include three steady-state conditions, the FTP, and the US06 to achieve exhaust
temperatures in the range of 150 °C to 450 °C.
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Task 5 - Chemical and Physical Characterization of Exhaust Emissions. Regulated gaseous emissions
will be sampled and measured according to appropriate EPA protocols as identified in the CFR. In
addition to dilute exhaust samples, second-by-second raw exhaust concentrations will be recorded
upstream of the close-coupled catalyst to assure consistent operation of the vehicle. Concurrent with
the collection of gaseous emissions, a variety of particulate samples will be collected for physical and
chemical characterization. Total particulate mass, volatile organic fraction of particulate, sulfate
fraction of particulate, trace metals and inorganic ash, elemental and organic carbon particulate
content, poly-aromatic hydrocarbons (PAHs), nitro-PAHs, oxy-PAHs, PM2.5 mass fraction, PM10
mass fraction, and PM size distribution will each be measured for characterization of exhaust
particulate matter upstream and downstream from the diesel oxidation catalyst. Speciation of gaseous
emissions will also be determined including C1 to C4 species, C5-C12 species, benzene and toluene,
and aldehydes and ketones upstream and downstream of the catalyst. SO, to SO, conversion over the
catalyst will also be determined.

Task 6 - Statistical Analysis. The experimental design for the project will be established to determine
significant differences between engine-out and catalyst-out emission levels and characteristics for each

test cycle using the test fuel.

Accomplishments

* Project coordinated with industry through the Coordinating Research Council (CRC)

* Final test fuel to target 2007 federal specification

¢ Experimental design has defined the number of replicates required for each test condition

*  The Manufacturers of Emission Controls Association (MECA) agreed to provide test catalysts

¢ Test vehicle (Mercedes Benz C220 vehicle equipped with a 2.2 OM611 CIDI engine) procured for

the project

Future Directions
¢ Conduct experimental testing in 2001

* Prepare final report in 2002

Introduction

CIDI engines are highly efficient and have been
identified as a key technology to development of cars
and light trucks with high fuel economy. They have
advanced technology and typically include four
valves per cylinder, common rail injection, and
turbocharging. However, CIDI engines have a
disadvantage of higher particulate emissions
compared to gasoline engines. In addition, these
particulates may contain unburned fuel species or
products of combustion, which are undergoing
scrutiny as potential air toxics. CIDI exhaust also
contains gaseous hydrocarbon species that may be
air toxics.

&9

To reduce particulate emissions from diesel
engines, emission control equipment manufacturers
are developing several technologies, including
particulate filters, catalytic traps, and oxidation
catalysts. In addition, technologies employing
plasma and microwave techniques are being
explored. These technologies have the potential to
not only reduce the particulate mass loading, but also
to alter the other characteristics of the diesel exhaust.
For example, an oxidation catalyst may be effective
in oxidizing or reducing some of the gaseous
organics in the exhaust or the liquid organic species
deposited on the particulate. Therefore, these
particulate control devices may beneficially alter the
overall emissions characteristics of a CIDI vehicle.
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Approach

This project is being conducted with

collaborative funding and technical support from the

Advanced Vehicle Fuel and Lubricant (AVFL)
Committee of CRC. The project is designated as
AVFL-3 at CRC -- see www.crcao.com. MECA is
providing in-kind technical services and catalyst

materials to support the work. NREL is coordinating

specification and acquisition of the test fuel and

selection of the catalysts in concert with other related

DOE research projects. The experimental program
will be conducted through a contract with SWRI in
their Department of Emissions Research.

The detailed approach for accomplishing the
project objectives is described in the corresponding
section above. The emission sampling system used
by SwRI is depicted in Figure 1. The test vehicle is
illustrated in Figure 2.

Conclusions
At the time of this report the test program is

about to start and no conclusions have been
generated.
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C. Diesel Particle Scatterometer

Arlon Hunt (Primary Contact), lan Shepherd, in collaboration with John Storey (Oak Ridge National
Laboratory)

Lawrence Berkeley National Laboratory, 70-108

University of California, Berkeley, 94720

(510) 486-5370, fax: (510) 486-7303, e-mail: ajhunt@lIbl.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

ORNL Contact: John Storey
(865) 574-0574, fax: (865) 574-2102, e-mail: storeyjm@ornl.gov

Contractor: Lawrence Berkeley National Laboratory
Contract No.: DE-AC03-76SF00098

This project addresses the following OTT R&D Plan barriers and tasks:

Barriers

B. PM Emissions

Tasks
2.

Sensors and Controls

Objectives

Develop and use the Diesel Particle Scatterometer (DPS) for real-time diesel particle size and property
measurements

Study how particle characteristics change with operating conditions, dilution, engine type, fuel
composition, and emission control system

Extend DPS capabilities in time, sensitivity, and application
Interpret optical properties of particles

Commercialize instrument

Approach

Measure angle-dependent polarized laser light scattering from diesel exhaust particles, including the
scattering intensity (millisecond response) and two polarization transformations

Model soot scattering as: spheres - Mie scattering theory to fit data; agglomerates - check validity
using coupled dipole model of particle clusters

Determine size distribution and the refractive and absorptive properties (n, k) of soot by comparing
measured data with scattering modeled by the DPS

Accomplishments

Received the Energy 100 award in 2000 for DPS development, distinguishing this project as one of the
100 best scientific and technological accomplishments of the DOE in this century

Developed strategy to improve instrument speed 50 to 100 fold
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* Installed and tested non-spherical sensor (S22)
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* Demonstrated enhanced size sensitivity with ultraviolet (UV) laser

* Explored effects of non-dense soot clusters on the DPS scattering model

¢ Contacted instrument companies to begin commercialization of the DPS

Future Directions

* Use the DPS to investigate effects on exhaust particles from engine type, operating conditions,

dilution, and fuel

* Study performance of emission control devices and exhaust dilution effects

* Implement hardware and software improvements for high-speed operation

¢ Evaluate need for ultraviolet measurements

*  Pursue tech transfer of the DPS to an instrument company

Introduction

The control of particulate emissions is critical to
the wide spread acceptance of CIDI engines in the
United States. To quantify the characteristics of
diesel exhaust particulate matter requires new
instrumentation that can provide real-time
information on diesel particulates including their size
distribution, composition and morphology. Existing
instruments typically require collection or operate
too slowly to monitor particle characteristics during
transients. We are developing a new instrument, the
Diesel Particle Scatterometer (DPS) for real-time
diesel particle size and property measurements. We
have designed, built and compared the DPS with
other instruments and techniques for measuring
diesel particulates. Presently we are operating two
instruments, one at LBNL and one at ORNL.

Approach

The DPS is an optical instrument that measures
the intensity and polarization of light scattered from
a diesel exhaust stream. Three quantities (one dc and
two ac signals) are measured by 13 detectors arrayed
at angles around the exhaust stream. The signals are
obtained by the synchronous detection of the
polarized light that is modulated at a 50 kHz rate by
the polarization modulator. The three angle-
dependent signals are plotted on the computer
monitor and are fit by Mie scattering calculations
using a Levenburg-Marquardt optimization program.
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The results are plotted as a size distribution and the
refractive and absorptive optical properties of the
particles. The absorptive component of the index of
refraction gives a measure of the graphitic carbon
content of the exhaust particles. An important
advantage of the instrument is its rapid response
time; it has been tested at greater than 1 Hz data
acquisition rate. This speed allows for the
measurement of engine transients and even cylinder-
to-cylinder variations.

Results

In the past two years we designed and built two
DPS’s for real-time diesel particle measurements and
operated them at LBNL and ORNL. The instruments
have been used to study the effects of operating
conditions, dilution, fuel composition, EGR rates,
and emission control system on particle
characteristics. This year we have concentrated on
extending the instrument capabilities and data
interpretation.

CIDI engine designers have expressed the need
for obtaining particle size and optical properties at
high data rates to resolve transient diesel engine
behavior. To investigate speeding up the instrument
data rates we analyzed the high-speed DPS signals
illustrated in Figure 1. Figure 2 illustrates the
standard deviation in the data as a function of
integration time. It can be seen that the standard
deviation is only slightly more for very short
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Figure 1: Time history of light intensity measured by
one PMT. (Average of 100 points with a 0.4
millisecond time window).

integration times. This analysis indicates that data
rates up to 60 Hz are possible with modifications to
the DPS. Compared to the designed operating speed
of about one Hz, these rates represent a very
significant improvement. The hardware and
software modifications to accomplish this task are
underway.

The second area we studied involved
investigating the robustness of DPS particle
modeling if the particles were non-dense clusters of
primary particles or not spherically symmetric.
Literature values for soot refractive indices are not
appropriate if the particles are not fully dense but
instead are loose soot clusters. We studied the effect
on the optical properties of soot particles by ‘eroding’
a sphere or ellipsoid by random removal of sub-
elements to simulate particle clusters. The coupled
dipole model was then used to predict the scattering
from the clusters, and the results were averaged over
all angles. Then the DPS Mie modeling program was
used to calculate the effective optical constants of the
particles. We determined several cogent facts from
this study: the particle sizes predicted using the DPS
software continued to give the correct particle size
until more than 70% of the mass of the particle was
removed, and the refractive and absorptive indices
scaled linearly with the mass of the cluster. The
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anticiated that a suitable manufacturer will come
forward to provide a commercial version of the DPS.
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Figure 4: S22 for single cylinder engine. S22(6)>0.9.
Mie fit spherical assumption is valid.

results are shown in Figures 3a and 3b for a particle
diameter of 130 nm with refractive index of 1.55 +

0.531 which is characteristic of graphitic soot. This 4.

confirms our supposition that the amount of
elemental carbon can be predicted from the values of
the absorptive part of the refractive index.

The issue of the response of the DPS to non-spherical 5.

diesel particles was also clarified this year. Numeri-
cal studies of non-spherical particles confirmed that
if the normalized value of the S22 matrix element
was above 0.9 at all angles, the assumption of spheri-
cal particles would be valid. Figure 4 illustrates that
the value of S22 measured from diesel soot from our
motor generator unit stays well above 0.9, indicating
that the assumption of spherical symmetry is justified
in modern diesel engines.

Conclusions

Substantial progress was made this year in both
the hardware and the software of the DPS. In
particular, we were able to show that we can increase
the data acquisition speed of the DPS by about 50
times. We have verified that the indices of refraction
of the diesel particles returned by the DPS are
consistent with a model of a particle as a cluster of
primary particles. Consequently, the diameter of the
particles can be correctly predicted even when they
are very porous, and the reported indices of
refraction scale linearly with the density of the
particles. With this and other advances in FY2001,
the DPS is approaching the stage of development
suitable for commercialization. Contacts with
instrument companies will be renewed and it is
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P. Hull, I.G. Shepherd and A.J. Hunt, "Modeling
Light Scattering from Diesel Soot Particles,"
submitted to Applied Optics.

A.J. Hunt, I.G. Shepherd and J. Storey, "Diesel
Particle Scatterometer,”" 2000 Annual Report
Office of Advanced Automobile Technologies,
Washington, DC.
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"Polarized Light Scattering for Diesel Exhaust
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D. Optical Diagnostic Development for Exhaust Particulate Matter
Measurements

Peter O. Witze

Combustion Research Facility, Sandia National Laboratories
PO Box 969, MS 9053

Livermore, CA 94550-0969

(925) 294-2691, fax: (925) 294-1004, e-mail: witze@sandia.gov

DOE Program Manager: Kathi Epping
(202) 586-7425, fax: (202) 586-9811, e-mail: kathi.epping@hq.doe.gov

This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

B. PM Emissions

Tasks

2. Sensors and Controls

Objectives

* Develop real-time, engine-out particulate matter (PM) diagnostics for measuring size, number density
and volume fraction.

* Transfer resulting technology to industry.

Approach

*  Simultaneous measurements of laser-induced incandescence (LII) and laser elastic scattering (LES)
will be used to obtain the following PM aggregate parameters using the Rayleigh-Debye-Gans
polydisperse fractal aggregate (RDG-PFA) approximation:

- particle volume fraction

- diameter of primary particles

- number density of primary particles

- geometric mean of the number of primary particles per aggregate

- geometric standard deviation of the number of primary particles per aggregate
- mass fractal dimension

- radius of gyration of the aggregated primary particles

¢ Laser-induced vaporization with Laser elastic scattering (LIVES) will be used to measure the soluble
organic fraction (SOF) of the PM.

* A scanning mobility particle sizer (SMPS) will be used as the reference standard for particle size
distributions.

*  Off-the-shelf components are used to build a measurement system that can be easily duplicated by
industry partners.

¢ Artium Technologies Inc., Los Altos Hills, CA will commercialize the resulting technology.
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Accomplishments

Real-time LII measurements of PM volume fraction have been obtained for engine startup/shutdown,
EGR and throttle transients, and compared with scanning mobility particle sizer (SMPS)
measurements.

A collaborative investigation of the effects of EGR on PM was conducted with the Combustion
Research Group at the National Research Council (NRC) of Canada.

A Particulate Matter Collaboratory web page has been established as a part of the DOE Diesel
Collaboratory Project. Initial members include Sandia and NRC.

A phone-modem network connection has been established between Sandia’s TDI diesel engine
laboratory and Artium Technologies, Inc. for the development of a commercial LII instrument.

Future Directions

Continue the collaboration with Artium toward commercialization of an LII system for PM

measurements.

* Develop LIVES as a technique for distinguishing SOF from solid-phase carbon.

¢ Develop experimental and modeling capability for RDG-PFA approximation for aggregate

characterization.

¢ Apply the LII-LES and LIVES techniques to diesel exhaust.

Introduction

LII is a well-established technique for the
measurement of PM volume fraction and primary
particle size; it has been applied to both stationary
burner flames and diesel engine combustion. Light
from a high-energy pulsed laser is used to quickly
heat the PM to its vaporization point, resulting in
gray-body radiation that is proportional to the PM
volume fraction; the cooling rate of the PM
following laser heating is a measure of primary
particle size. Simultaneous measurement of LES
from the particles at several discrete angles relative
to the incident laser beam can be used to obtain
additional information regarding the characteristics
of PM aggregates using the RDG-PFA
approximation.

The advantages of LII-LES over conventional
PM measurement techniques are that it can be
applied in any environment (e.g., hot or cold,
undiluted or diluted, etc.), it responds in real time,
and it is very sensitive to low PM concentrations
(lower limit is estimated to be one part per trillion).
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Figure 1. Schematic of the LII-LES Experimental Setup

Approach

A schematic of the LII-LES experimental setup
is shown in Figure 1. The first harmonic output of a
Nd:YAG laser at 1064 nm is used for excitation. The
laser fluence is controlled using a half wave plate
(HWP) and thin film polarizer (TFP). Three
measurements are simultaneously obtained with fast
photodetectors: 1) Incident temporal profile of the
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Figure 2. LII and Composite-SMPS Particle Volume-
Fraction Measurements during Start/Stop
Transient

laser pulse, detected from diffuse scattering through
a neutral density filter (NDF); 2) LII signal, detected
with a photomultiplier tube with spectral response
from 300-650 nm; 3) LES, detected through an NDF
and an interference bandpass filter (BPF) centered at
1064 nm.

Results

To demonstrate the excellent temporal response
of the LII technique, transient tests were performed
for a cranking-start/idle/shutdown sequence and on/
off cycling of EGR. Simultaneous measurements
were also obtained with an SMPS operated in "fixed-
size" mode for selected sizes of 30, 60, 90, 120, and
150 nm; these five measurements are ensemble-
averaged to approximate the volume fraction.
Shown in Figure 2 are the results for the startup/idle/
shutdown sequence. We have scaled the LII and
SMPS data so that the plateau regions of the two
measurements have comparable magnitude. We
believe this represents a fair comparison of the two
techniques, and clearly shows the better temporal
resolution of LII. This figure also reveals a large
difference between the two measurements after
engine shutdown. The most likely explanation for
this behavior is condensation of volatile material
because of colder gas temperatures - this affects only
the SMPS measurements. The slight rise in the LII
volume fraction in this region is most likely due to
agglomeration of particles.

For the EGR transient, we ran the engine at 1200
rpm and alternated every 20 seconds between no
EGR and approximately 80% EGR valve lift, as
shown in Figure 3. The very rapid increase in the LII
signal with EGR again illustrates its excellent
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Figure 3. LII and Composite-SMPS Particle Volume-
Fraction Measurements during EGR
Transients

temporal response, and suggests that the ensuing
slower increase toward a constant level is most likely
indicative of the actual EGR concentration in the
cylinders. In contrast, the SMPS measurements are
again seen to be slower to respond; the 10 seconds
required to recover from shutting off the EGR would
appear to be representative of the temporal response
of the SMPS system.

Conclusions

Laser-induced incandescence has been shown to
be a promising diagnostic for exhaust PM
measurements. Its capability to follow rapid engine
transients was demonstrated for several operating
conditions. Compared to an SMPS operating in
fixed-size mode, LII exhibits far better temporal
response. In general, the performance characteristics
of LII can be summarized as follows:

Advantages -

1. Signal amplitude is directly proportional to the
carbon volume fraction, and the primary particle
size can be determined from the signal decay
rate.

. Self-calibrating via the procedure developed by
Snelling et al. (U.S. Patent 6,154,227).

. High sensitivity, estimated to be on the order of
a few parts/trillion.

. Fast response, with submicrosecond
measurement period.

. Dilution and cooling of exhaust gas is not
required.
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. Can be applied in situ or with continuous

sampling.

. Measures only the solid carbon content of PM.

. When combined with LES, the aggregate size,

area, and fractal dimension can be determined.

Disadvantages -

. Window fouling must be avoided.

. Directly measures only the solid carbon content

of PM.

. Real-time resolution is limited by laser

repetition rate.

. High energy, invisible laser beam is a safety

hazard.
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V. EXHAUST GAS RECIRCULATION FUNDAMENTALS

A. Extending the Exhaust Gas Recirculation Limits in CIDI Engines

Johney Green, Jr. (primary contact) and Robert Wagner
Oak Ridge National Laboratory

P.O. Box 2009, Mail Stop 8088

Oak Ridge, TN 37831-8088

(865) 574-0724, fax: (865) 574-2102, e-mail: greenjbjr@ornl.gov

DOE Program Manager: Kathi Epping
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ORNL Technical Advisor: Brian West
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

C. Cost

Tasks

2. Sensors and Controls
4d. Advanced NO, Reducing Systems

Objectives

* Reduce engine-out NO_ emissions by approximately 50% with a minimal penalty for HC and PM
emissions.

* Lower the performance requirements for post-combustion emission controls.

Approach
¢ Identify correlations between EGR operating and system parameters and combustion emissions.

* Evaluate correlations between existing engine sensors and pressure/emissions signals to develop a
virtual HC/PM/NO, sensor concept to detect combustion quality.
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* Develop a low-order dynamic model that captures the relationship between EGR, combustion, and

emissions.

* Exploit information from the virtual sensor and model to develop a dynamic EGR control concept
(diagnostics and control logic that anticipates / detects emissions spikes and adjusts feedback to

counteract).

* Develop a rapid sensing and feedback combustion diagnostic to optimize EGR utilization.

Accomplishments

* Performed in-depth analysis of data from FY 2000 EGR experiments on the 1.2-L, 4-cylinder Ford
DIATA (Direct Injection, Aluminum, Through-bolt Assembly) diesel engine, and the 1.9-L, 4-cylinder

Volkswagon TDI engine at ORNL.

* Identified on-line diagnostic that could be used to make cycle-resolved combustion quality

measurements and provide active feedback.

¢ Identified three types of combustion variations that must be accounted for in diagnostic and control

actions.

* Obtained GT Power combustion model and physically-based Ford Wiebe model.

¢ Commissioned Rapid Prototype Engine Control System (RPECS) from SwRI and re-engineered
software and algorithms to allow full-pass control over all engine parameters of a Mercedes 1.7-L,

turbocharged, 4-cylinder CIDI engine.

Future Directions (Beyond FY 2001)

* Investigate various fuel injection control strategies for potential feedback.

* Implement feedback control strategies to improve EGR utilization in a Mercedes 1.7-L, turbocharged,

4-cylinder CIDI engine.

* Develop correlation between emissions and existing engine sensors.

Introduction

This activity builds on previous collaborations
between ORNL and Ford under a Cooperative
Research And Development Agreement (CRADA
#ORNL 95-0337). Under the original CRADA, the
principal objective was to understand the
fundamental causes of combustion instability in
spark-ignition engines operating with lean fueling.
The results of this earlier activity demonstrated that
such combustion instabilities are dominated by the
effects of residual gas remaining in each cylinder
from one cycle to the next. A very simple, low-order
model was developed that explained the observed
combustion instability as a noisy, nonlinear, dynamic
process. The model concept led to development of a
real-time control strategy that could be employed to
significantly reduce cyclic variations in production
spark-ignition engines using existing sensors and
engine control systems.

With funding from OAAT, the effort has
progressed from examining combustion instabilities
in spark-ignition engines to examining relationships
between EGR, combustion, and emissions in CIDI
engines. Information from CIDI engine experiments,
data analysis, and modeling are being employed to
develop an on-line combustion diagnostic (virtual
sensor) to make cycle-resolved combustion quality
assessments for active feedback control. Analysis
and modeling of experimental data from a 1.9-L, 4-
cylinder Volkswagen (VW) engine and a 1.2-L, 4-
cylinder DIATA (Direct Injection, Aluminum,
Through-bolt Assembly) engine have led to the
development of an on-line combustion diagnostic for
active feedback control near the practical EGR
operating limit. Efforts for the remainder of the
fiscal year will focus on conducting additional
experiments with a Mercedes 1.7-L engine (see
Figure 1), examining the robustness of the virtual
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Figure 1. Mercedes 1.7-L, turbocharged, 4-cylinder,
common rail engine.
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Figure 2. VW data analysis reveals a linear correlation
between late-stage combustion and EGR.
This information can be used to construct an
on-line engine diagnostic or "virtual sensor".

sensor, evaluating the ability of the virtual sensor to
detect cylinder-to-cylinder emissions variations, and
using the virtual sensor to correlate cycle-to-cycle
variations with emissions.

Approach

It is well documented that actual EGR utilization
is typically less than optimal because of spikes in
unburned hydrocarbons (HC) and particulate matter
(PM) emissions during transients. The latter are
often associated with cycle-to-cycle and cylinder-to-
cylinder variations resulting as EGR rates are
increased towards the critical threshold. ORNL is
employing a combustion index that characterizes
combustion quality on a cycle-by-cycle basis to
provide active, real-time feedback for predictive
control. Since the combustion index is derived from
in-cylinder pressure measurements that detect
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Figure 4. Probability histogram of cycle resolved values
of the on-line combustion statistic for cylinder
two of the DIATA at 0% EGR. Note that most
of the data are to the left of the dotted EGR
limit line, indicating an acceptable level of
PM and HC emissions.

correlations between late-stage combustion and
emissions, it can be used to detect unacceptable
levels of HC and PM emissions at high EGR levels
(see Figures 2 and 3). This information can then be
used as an on-line diagnostic for EGR utilization (see
Figures 4 and 5). More specifically, it can serve as a
platform for detection of incipient emissions spikes
and initiate the counteracting feedback (e.g., fuel
injection modulation).

Results

In this year’s effort, data from FY 2000 EGR
experiments on the 1.2-L, 4-cylinder Ford DIATA
diesel engine and FY 1999 EGR experiments on the
1.9-L, 4-cylinder VW TDI engine at ORNL were
subjected to more rigorous combustion analysis. The
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Figure 6. Return map of the on-line combustion index

depicting cycle-to-cycle interactions for
cylinder three of the DIATA at 42% EGR.
The small amount of cyclic variability in the
data suggests that this cylinder is producing
an acceptable level of PM and HC emissions,
even though the engine is operating at its EGR
limit.

more rigorous data analysis led to the discovery of an
on-line combustion index that can be employed to
detect cycle-to-cycle variations in combustion
quality. The in-depth analysis of the cyclic data led
to identification of three principal forms of variation
in combustion quality: cylinder-to-cylinder
imbalances (Figures 6 and 7), drift under otherwise
steady-state conditions (Figures 8 and 9), and cycle-
to-cycle variations (Figures 10 and 11). Figures 6
and 7 use return maps of the on-line combustion
index to depict cylinder-to-cylinder differences
created by EGR mal-distribution which persist over
long time scales. Also note the high level of
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Figure 7. Return map of the on-line combustion index
depicting cycle-to-cycle interactions for
cylinder two of the DIATA at 42% EGR. The
large amount of cyclic variability in the data
suggests that this cylinder is producing a
disproportionate level of PM and HC
emissions, compared to cylinder three.
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Figure 8. Low-pass filtered peak heat release rate data
for cylinder three of the DIATA at 42% EGR.
The data are fairly symmetric about the mean,
suggesting that there are small variations in
combustion quality and the PM and HC
emissions.

variability in the return map of Figure 7, which
suggests that cylinder two is contributing a
disproportionate share of the unburned HC and PM
emissions at this condition. In observing low-pass
filtered peak heat release rate data over 1,000
consecutive cycles shown in Figures 8 and 9,
variations among cylinders were also detected, with
one cylinder behaving steadily and the other cylinder
exhibiting a slow drift that persists over hundreds of
cycles. This slow drift was more pronounced near
the critical EGR limit for emissions. Additionally, in
examining the influence of EGR on cycle-to-cycle
combustion, some cylinders experience significant
prior-cycle interactions. Figures 10 and 11 depict an
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Figure 9. Low-pass filtered peak heat release rate data
for cylinder two of the DIATA at 42% EGR.
The data are not symmetric about the mean
and exhibit a downward trend, suggesting that
there are large variations in combustion
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Figure 10. Illustration of cycle-to-cycle interactions for

cylinders one and three of the DIATA as a
function of EGR rate. Values above one
indicate strong cycle-to-cycle interactions and
unacceptable PM and HC emissions. Note
that cylinder one exhibits strong cycle-to-
cycle interactions near the EGR limit, while
cylinder three does not.

autocorrelation-based index of peak heat release data
as a function of EGR for the DIATA and VW
experiments respectively. Near the EGR limit of
both engines, significant cycle-to-cycle interactions
develop, as the data from the index take on values
greater than one. This information may be useful for
making predictive cycle-by-cycle control actions.
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Figure 11. Illustration of cycle-to-cycle interactions for
cylinders one and two of the VW as a function
of EGR rate. Values above one indicate
strong cycle-to-cycle interactions and
unacceptable PM and HC emissions. Note
that cylinder one exhibits strong cycle-to-
cycle interactions near the EGR limit, while
cylinder two does not.

Conclusions

The on-line combustion index offers insight into the
variations in combustion quality near the EGR limit.
This information can be exploited to develop a
virtual sensor and a control logic that detects
emissions spikes and makes counteractive feedback
adjustments to extend the practical EGR limit in
CIDI engines. During the investigation, three types
of combustion variations were identified. These
combustion variations must be accounted for in any
diagnostic or control strategy.

Additional experiments with a Mercedes 1.7-L,
turbocharged, 4-cylinder CIDI engine with full-pass
control are planned. In advance of these plans,
ORNL commissioned a Rapid Prototype Engine
Control System (RPECS) from SwRI and began
modifying its software and algorithms to emulate the
Mercedes engine. To continue development of the
virtual sensor concept, a series of experiments are
designed to test robustness and evaluate the
capability to detect cylinder-to-cylinder emissions
variations. Under otherwise steady-state conditions,
non-stationary heat release (or "drift") and
combustion variability are observed at high EGR
levels, with drift varying from cylinder to cylinder.
Hence, the virtual sensor lends itself to investigation
and identification of the source of this slow drift in



Combustion and Emission Control for Advanced CIDI Engines

one or more cylinders. In addition, the expected
development path includes looking at various fuel
injection strategies for potential feedback control.
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B. Measuring the Cylinder-to-Cylinder Distribution of Recirculated Exhaust Gas
during Transient Operation of a High-Speed, CIDI Diesel Engine
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

Tasks

2a. Advanced Sensors and Controls
4d. Advanced NO, Reducing Systems

Objectives

* Develop a non-intrusive, optical diagnostic to measure the cylinder-to-cylinder exhaust gas
recirculation (EGR) distribution in production diesel engines during both steady-state and transient
operation.

¢ Make the technology available to industry by performing measurements on development and/or
prototype engines in industrial test cells.

Approach

¢ Apply the diagnostic to a production engine minimizing perturbations to basic engine geometry.

* Use infrared (IR) absorption spectroscopy to measure the CO, concentration in the flow within the
intake manifold and/or entering the intake port of each cylinder.

* Set up data acquisition to allow measurements during both steady and transient operation.

*  Acquire the data in a manner that is both crank-angle and cycle-sequence resolved.

Accomplishments

*  An optical diagnostic based on CO,-absorption spectroscopy has been developed to measure the
cylinder-to-cylinder distribution of EGR.

* Refined steady-state and transient measurements in a Volkswagen 1.9L TDI engine have successfully
demonstrated the credibility and capability of the diagnostic.

¢ Collaborations with three industry partners were developed to enable the measurement of EGR-
distribution on development/prototype engines running in the partners’ test cells.
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An optical probe was designed that allows the absorption measurements to be made with only single-

point access to the intake system. In addition, the probe provides significant increase in the sensitivity
and signal-to-noise characteristics of the data.

Future Directions

In the next, and final phase of this project, we will use our optical diagnostic to perform EGR-

distribution measurements on development and prototype engines in the test cells of our three

industrial partners.

Introduction

The new generation of small-bore, high-speed,
direct-injection diesel engines being developed for
automotive applications is expected to use large
amounts of EGR to control the emission of NO,.
Large quantities of EGR could result in mixing
problems in the intake manifold and, ultimately, a
poor cylinder-to-cylinder distribution of EGR. The
problem is most likely exacerbated during transients
in the operation of the engine. In order to make an
accurate assessment of the cylinder-to-cylinder
distribution of EGR during an engine transient, we
have devised a non-intrusive, optical diagnostic
technique which will allow the measurement of the
cylinder-to-cylinder EGR distribution during engine
transients.

Approach

The diagnostic we have developed is based on
laser absorption spectroscopy of the CO, molecule, a
primary component of the recirculated exhaust. An
infrared diode laser provides light that is tuned to,
and scanned through, an absorption transition of
CO,. The extremely narrow output bandwidth of this
laser allows us to directly measure the absorption-
line profile which is a function of the particular
species, the concentration of that species, and the gas
temperature and pressure. The measured absorption-
line profiles are fit to a theoretical profile of the
absorption spectrum to determine the average
concentration of CO, in the optical path of the laser.

For measurements in the development/prototype
V-8 and V-6 engines involved in our industrial
collaborations, we designed a single-point-access
probe. Using this probe, we are able to create an
optical line-of-sight, requiring only a single opening,
at the locations within the intake system where we
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Figures 1a & b.

The ’single-point-access’ absorption
probe is designed to create an optical
line-of-sight path in an enclosed flow
field using only a single opening in the
enclosure for optical access, while
maintaining the gas-tight integrity of
the enclosure.

want the measurements to be made. The laser light is
transmitted through optical fibers to the probe, where
it is directed to the optical path created within the
probe - passing through the gas in the intake system
where the concentration of EGR is being measured.
The light exiting the optical path is then collected in
another fiber, which transmits it to a detector.

The single-point-access probe is shown in Figure
1. The light exiting the laser-coupling fiber, which is
connected to the probe, is collimated into a beam in
the upper housing of the probe. The beam then
passes through a gas-seal window into the lower
housing of the probe which is located within the
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Figure 2. The ’single-point-access’ absorption probe is
shown installed in an intake-flow channel.

manifold and through which the intake gas is
flowing. The beam passes through the intake flow to
a mirror (supported at the base of the lower housing)
and back through the flow to the window. Back in
the upper housing, it is launched into the detector-
coupling fiber and transmitted to the detector. This
double-pass characteristic of the single-point-access
probe gives us a much longer optical path through
the flow which, in turn, leads to an improved
sensitivity and signal-to-noise ratio.

Status

All of our effort during the first part of FY01 has
been devoted to the design and development of the
optical access strategy and hardware that will allow
the EGR diagnostic to be used on a "V"-style engine.
This turned out to be a significant task, since it was
necessary to achieve optical access in a situation
where there are many engine components that limit
the access to the intake manifold, in addition to the
severe thermal and vibrational environments which
are quite detrimental to the optical components we
employ in our measurements. This effort has
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resulted in a solution that will overcome the
problems described above and allow us to perform
our measurements in the International, Ford and
Cummins "V"-style engines.

The collaborative work at International Truck
and Engine Corporation will involve EGR
measurements made in the intake manifold of a V-8
Diesel engine. We will perform our experiments
under both steady-state and transient conditions. The
measurements will focus on the bank-to-bank EGR
distribution, as well as the progress of the mixing of
the EGR with the fresh charge of air as the intake
flow proceeds along each bank of cylinders. Figure 2
illustrates the installation of the probe into the intake
flow. Note from Figure 2 that only the upper housing
of the probe, with the fibers connected, is visible; the
lower housing is located in the flow passage with its
opening aligned with the direction of the intake flow.

The collaborative work with Ford will be similar
to the work carried out at International Engine
Corporation, since the International V-8 manifold is
very similar to the Ford V-6 manifold, allowing us to
use the same probe for the measurements. The big
difference between the engines is the space occupied
by engine components located in the area above the
intake manifold. On the V-6 engine, this equipment
seriously hinders our ability to install the probe in the
manifold and to attach the optical fibers to it. Ford is
providing a solution to this problem by repositioning
the offending engine components so we can access
the intake manifold with our fibers and optical probe.
Ford intends to accomplish this modification by
raising these components a small distance above the
manifold and extending the plumbing connections as
necessary. This configuration should allow us easy
access to the intake manifold.

Our collaboration with Cummins Engine
Company will involve a V-8 engine that uses an
intake manifold that is significantly different from
those of International and Ford. This engine is
configured in a manner that allows us easy access to
the intake manifold, but the configuration of the
manifold creates problems installing the same optical
probe that we are using at International and Ford.
We have solved this problem by designing an adapter
that can be installed in the Cummins manifold that
will allow us to install and utilize the probe without
modifying it. This probe adapter is shown in Figure
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Figure 3. One bank of runners on the intake manifold of 2
the Cummins V-8 engine. The probe adapter
along with an installed probe is illustrated for
each measurement location on this bank.
3.

3; the measurement locations on one bank of runners
of the intake-manifold are illustrated in the figure by
the position of the adapters with the optical probe
installed.

Summary

During the first phase of this project, we
developed and demonstrated an optical diagnostic
with a low detection limit and high precision that is
capable of accurately measuring the cylinder-to-
cylinder EGR distribution in a production engine,
under both steady and transient operating conditions.
The data acquired can be both crankangle-resolved
and cycle-resolved during a sequence of cycles that
define a transient in the engine operation. We are
currently preparing to begin collaborative,
experimental measurements on development/
prototype engines in test cells at International Truck
and Engine Corporation, Ford Motor Company and
Cummins Engine Company. For this work we have
designed and fabricated a ‘single-point-access’ probe
that is needed for measurements on the "V"-style
engines that our collaboration partners are
developing. Furthermore, we have set up a strategy
to use the same probe on all the engines that we will
study experimentally. This collaborative work will
begin early in July and be completed by the end of
the fiscal year.
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This project addresses the following OTT R&D Plan barriers and tasks:
Barriers

A. NO, Emissions

C. Cost

Tasks

2. Sensors and Controls

6. Prototype System Evaluations

Objective

¢ Assess the corrosion risk in a diesel engine utilizing exhaust gas recirculation (EGR) by constructing a

boundary map of the corrosive effects of EGR as a function of engine operating mode, fuel sulfur
level, and ambient conditions.

Approach

* Obtain and equip a heavy-duty diesel engine with an EGR system.

*  Modify the EGR loop for in-situ coupon corrosion monitoring and sampling.

¢ Obtain corrosion probe for comparison.

*  Monitor corrosion during engine operation.

* Evaluate the corrosion risk under potential conditions (EGR rate, fuel sulfur, ambient temperature and

humidity, and engine operating mode).

Accomplishments

¢ (Obtained and installed an EGR system on a Cummins 5.9 liter ISB diesel engine. The system also
included a modified turbocharger, fuel pump, and fuel injectors.
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Conducted a preliminary study to determine the corrosion rate by measuring the mass loss on mild

steel coupons placed at two locations in the EGR system.

Quantified the mass loss due to corrosion.

Identified the corrosion product iron sulfate.

Future Directions
* Procure sensitive corrosion probe.

humidity, and engine operating mode).

Monitor corrosion during engine operation including transients.

Evaluate the corrosion risk under potential conditions (EGR rate, fuel sulfur, ambient temperature and

Introduction

In order to meet future NO, emissions
requirements, heavy-duty diesel engines are looking
to utilize exhaust gas recirculation (EGR) technology
as a means of lowering NO, emissions. It has been
shown that cooling the EGR will improve fuel
economy and further lower emissions of NO,.
Recirculated exhaust gas is used in automotive
engines as a diluent in the fuel-air mixture to reduce
the peak combustion temperatures and thus reduce
NO, emissions. However, EGR can lead to
accelerated corrosion and wear in the intake
manifold and fouling in the EGR cooler. Within the
intake manifold, ambient conditions (such as
temperature and humidity) and coolant conditions
are believed to play a critical role in the formation of
highly corrosive acidic compounds, especially
sulfuric acid. At a recent Heavy Vehicles Propulsion
Materials Workshop hosted by the Oak Ridge
National Laboratory, representatives of the diesel
engine manufacturers articulated that corrosion/wear
risk associated with EGR is a priority issue.

The objective of this project is to determine the
boundary conditions of enhanced corrosion in an
engine utilizing EGR. A particular concern is the
formation of sulfuric acid caused by the reaction of
water with recirculated sulfur compounds. The
formation of sulfuric acid is essentially a three-step
process. First, SO, is formed (during combustion)
when sulfur present in the diesel fuel oxidizes. The
SO, subsequently oxidizes to SO,, the formation of
which occurs more slowly than SO, formation. In
the third step SO, reacts with moisture in the exhaust
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to form sulfuric acid, H,SO,. These stages can be
represented by the following general reactions:

Stage 1: S+ 0, - SO,
Stage 2: 250, + 0O, - 2S0,
Stage 3: SO, + H,0 - H,SO,

Cooling of recirculated exhaust gas can allow
sulfuric acid to condensate within the EGR loop and
in the intake manifold, resulting in enhanced
corrosion at these locations. A corrosion boundary
map will be determined by controlling the ambient
conditions at selected modes of engine operation.
The corrosion risk will be assessed via electrical
resistance corrosion probes (near real time) and
coupon testing. By understanding the corrosion
potential associated with EGR, boundary conditions
on engine operation can be established to avoid
enhanced corrosion.

Approach

Since very few, if any, heavy-duty diesel engines
are currently equipped with EGR, it will be necessary
to procure an appropriate diesel engine (5.9 liter
Cummins ISB) to which a prototype EGR system
developed by Cummins could be added. Included in
this kit is a prototype electronic